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Microwave imaging/sensing is an emerging technology that shows potential for healthcare 
diagnostic applications, particularly in breast cancer detection. This technique is found to assess 
the anatomically variant dielectric properties of the breast and use this information for image 
configuration. The contrast between malignant and fatty breast tissues may be as large as 10:1, 
however, the distinction between malignant and healthy fibro-glandular tissues can be as low as 
10%. Nevertheless, it is suggested that contrast agents would enhance this difference. Like other 
imaging modalities, nanoparticles (NPs) could potentially be utilized as contrast agents to increase 
the contrast between healthy and malignant tissues. In this project, aqueous suspensions of NPs 
such as zinc oxide, silicon dioxide, different types (different length & functionalization) of carbon 
nanotubes, commercial iron oxides and effective conductivity Aldrich, Sienna+ and ferrofluid from 
Liquid Research (FF) and zinc ferrites were tested. Two zinc ferrites with different compositions 
of zinc and iron have been synthesized via thermal decomposition method to investigate the effect 
of Zn doping on the dielectric properties. These synthesized ferrites were functionalized with 
PMAO (poly-maleic anhydride-alt-1-octadecene)) polymer. Dielectric studies of the NPs are 
carried out to assess their potential effective contrast in different mediums such as RO water, 60% 
glycerol and TM (tissue mimicking) phantom for microwave imaging. Characterization of the NPs 
has been achieved using atomic force microscopy (AFM) and scanning electron microscopy 
(SEM). The size and stability of colloidal dispersions have been characterized by dynamic light 
scattering technique (DLS) and Ultraviolet-visible spectrophotometry (UV-Vis). Raman 
Spectroscopy is carried out for carbon nanotubes to characterize their different structures. The 
dielectric characterization of the aqueous-based colloidal suspensions in different media is 
recorded over the microwave frequency range between 1 and 4 GHz. Zinc oxide NP dispersion 
has shown an increase in the dielectric constant compared to the background medium. Addition 
of Polyethylene glycol on ZnO NPs can achieve a valid increase in the dielectric constant 
compared to water, which was shown to be concentration 
 
 
dependent. MWNT-OH (hydroxylated multi-walled carbon nanotube) shows an increase in the 
dielectric constant compared with other carbon nanotubes in RO water and the change is higher 
in 60% glycerol and in TM phantom. Sienna+ and FF showed an increase in the dielectric 
properties compared with SA, because of the surface modifications. Dielectric properties of 
Sienna+ and FF are higher in 60% glycerol compared with RO water. From the two synthesized 
zinc ferrites, [(Zn0.18Fe0.82) Fe2O4]-PMAO showed higher dielectric properties compared with 
[(Zn0.39Fe0.61)Fe2O4]- PMAO in RO water, 60% glycerol and TM phantom. These results suggest 
that ZnO nanomaterials, MWNTs, and zinc ferrites have the potential to be used in biomedical 
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Research aim & objectives 
Chapter 1 gives an overview of current imaging techniques for the detection of breast cancer. Flaws 
within these techniques have been highlighted and how there is a need of designing a new imaging 
modality for breast cancer detection has been discussed. Previous work carried out by researchers 
in identifying a suitable contrast agent for Microwave Imaging purpose has been extensively 
discussed.  
Chapter 2 highlights the materials and the methodology used in this study. 
Chapter 3 describes the structural and dielectric properties of diverse types of carbon nanotubes 
(SWNTs) in RO water, 60% glycerol and TM phantom. SWNTs have been extensively studied 
before as reported previously for MWI purposes. However, the effect of different lengths of 
SWNTs and functionalization of SWNTs has on the dielectric properties of a medium, has never 
been explored before. In this chapter, the effect of different lengths/diameter and 
functionalization of SWNTs has on the dielectric properties of three different mediums- water, 
60% glycerol and tissue-mimicking phantoms. The phantoms have been selected to mimic healthy 
and tumour tissues. 
Chapter 4 describes the effect of materials such as zinc oxide NPs (ZnO), silicon dioxide NPs (SiO2) 
and single-walled carbon nanotube (CNT-OH) functionalized with -OH in water have on the 
dielectric properties of a high, low dielectric constant medium and on TM (tissue-mimicking) 
phantom. ZnO NPs will be further PEGylated with poly-ethylene-glycol (Mw= 8000), to improve 
the dispersion properties of ZnO NPs further in RO water, 60% glycerol and TM phantom. 
Chapter 5 describes the stability and dielectric properties of commercial iron oxides, such as iron 
oxide (Effective conductivity Aldrich Ltd.), carboxy dextran coated Sienna+ (Endomagnetics Ltd.) 
and ferrofluid with anionic surfactant (Liquid Research Ltd.). Dielectric properties of each will be 
measured in RO water and 60% glycerol. Zinc ferrites coated with PMAO (poly-maleic anhydride-
alt-1-octadecene) with different ratio of zinc will be synthesized. Dielectric results obtained will be 











































































Biomedical imaging is one of the main pillars of comprehensive cancer care. It has many 
advantages including real-time monitoring, accessibility without tissue destruction, and minimal to 
non-invasive methods. Imaging is playing a key role in all phases of cancer management, which 
includes screening, biopsy, guidance for detection, staging, therapy, planning, therapy guidance, 
therapy response, and recurrence. Currently, clinical imaging techniques used are, radiography 
fluoroscopy, angiography, mammography, computed tomography, ultrasound and 
ultrasound/Doppler, magnetic resonance imaging and nuclear medicine [1]. Non-ionizing 
electromagnetic radiation imaging techniques such as near-infrared spectroscopy, electrical 
impedance spectroscopy, and microwave imaging have been investigated mainly from breast 
imaging [2]. 
Breast cancer remains to be the most common cancer and the leading cause of cancer mortality in 
women worldwide. It is most common in older women and had the highest mortality in women 
in the European Union towards the end of the 1990s until the early beginning of 2000s [3][4]. 
According to the World Health Organisation (WHO), prompt detection remains the keystone for 
breast cancer control and a challenge to scientists and engineers. According to the study carried 
out by Malvezzi et al., breast cancer still has the second highest predicted mortality rate in women 
with about 92,700 deaths within the European Union in 2018. Data collected concerning detection 
of breast tumors in initial stages indicate that screening has the potential of increasing the 5-year 
survival rate to 95% [5]. While early detection does not necessarily initiate an early intervention or 
treatment, it keeps the disease under control [6]. These numbers indicate that there is a requirement 
for the development of novel improved and accessible methods for breast cancer screening. This 
thesis’ topic is investigating the potential of MW imaging/sensing (MWI/S) and novel contrast 
agents to be used for imaging and sensing of pathologies and especially breast cancer. In this 




Figure 1-1: From left to right: almost entirely fatty, scattered areas of fibro-glandular density, heterogeneously dense and 
extremely dense breasts are shown [20]. 
sensing will be introduced. Finally, the first nanomaterials that have been studied as contrast agents 
have been discussed. 
1.1 Current breast imaging modalities 
Current imaging techniques for breast imaging and screening are X-ray mammography, ultrasound, 
MRI, and positron emission tomography (PET) [7][8]. X-Ray mammography is the gold-standard 
for detecting breast cancer. It has been effective in reducing mortalities in numerous ways and is 
the most fundamental and frequently employed imaging modality in clinical standards [9]. It uses 
low-energy X-rays to illuminates the breast, and the image generated shows the different densities 
between different types of tissues. 
Tumors without a distinct mass or calcification are difficult to identify mammographically. The 
overall sensitivity of mammography decreases to 42-68% in women with dense breasts [10]. It has 
been shown that the percentage of water content in breasts within young females, who generally 
have dense breasts, is much higher than that of elderly women (Fig. 1-1).  
 
This implies that high water content breast tissues reduce mammography sensitivity. X-ray 
attenuation properties of water, lipid, and proteins are indistinguishable in the diagnostic energy 
range [10]. The probability of tumour detection in dense breasts is much lower than of breasts 




false-positive rate is 15-30%, which leads to many benign findings and follow-up testing. 
Furthermore, X-ray mammography needs compression of the breast as the person has to lie as flat 
as possible during the examination, which induces discomfort.  
Ultrasound sonography uses high frequency (1-10 MHz) sound waves to image internal body 
structures. A transducer is placed on the skin, which sends ultrasound pulses into the body and 
detects the echoes from inside the body, which is then used to produce images. This technique is 
in conjunction with mammography. Many studies have shown an increase in the detection of small, 
invasive node-negative cancers compared to mammography alone [12][13].  
Abnormalities identified on ultrasound images are assessed for signs that favour malignancy. 
Further, guided needle biopsies are needed to diagnose solid lesions regardless of ultrasound 
findings. However, two critical issues need to be considered, firstly, ultrasound has low resolution 
and does not have the ability to distinguish between a malignant and benign tissue and secondly a 
thorough screening ultrasound examination of both breasts is time-consuming. 
Magnetic resonance imaging (MRI) is the most sensitive imaging modality for the detection of 
breast cancer, in elevated risk patients. Sensitivities for invasive cancers using gadolinium-based 
contrast agents are greater than 90% [14]. It has the potential to provide accurate diagnostic 
information. MRI involves the use of contrast agents, which is taken up differently by benign and 
malignant tissue [15]. Tracking the uptake of the contrast agent results in a complex image 
reconstruction. In general principle, radiofrequency pulses re-align hydrogen atoms that naturally 
exist within the body. As the hydrogen atoms return to their natural alignment, they emit different 
amounts of energy, which vary according to the types of body tissues. MRI scanner captures this 
energy and creates a picture of the tissues scanned. Three different patterns of contrast 
enhancement have been characterized, type I shows slow progressive contrast uptake over time 




and then levelling off uptake, suggestive of malignancy, and type III curve shows rapid uptake of 
contrast and then a sudden wash-out of contrast, indicating malignancy. 
Advantages of MRI of the breast are that it can be used in women with denser breasts and can 
detect if cancer has spread to the chest wall. Also, it can check for the recurrence of cancer in 
women. However, the disadvantages are that it is highly sensitive to small abnormalities, cannot 
image calcifications, can trigger claustrophobia and requires long scan times with comparison to 
x-ray and mammograms [16]. MRI screening costs are high and therefore are not suitable for an 
early detection screening method. 
 
A Positron emission tomography (PET) have proven useful in the evaluation of many cancers. 
Many types of PET radiotracers have been developed to noninvasively interrogate in vivo tumor 
metabolism, the most widely used is the FDA approved PET radiotracer, 2-deoxy-2-(18F) fluoro-
D-glucose (FDG) [17]. FDG is based on glucose metabolism. FDG is transported into the cells 
by glucose transporters, but unlike glucose, FDG is not metabolized but is irreversibly 
phosphorylated by hexokinase and is trapped within the cell. Glucose transport is upregulated in 
cancer cells, FDG PET exploits greater uptake of FDG within most cancer cells compared with 
normal healthy cells. To visualize tumors, for e.g. FDG uptake is greater with triple negative breast 
cancer and lower with luminal A subtypes [17]. Many groups have evaluated suspicious breast 
lesions, with sensitivity values ranging between 80-90% and specificity between 71-95% [18]. PET 
can be useful in identifying involved axillary nodes and distant metastases, as axillary lymph node 
status is an important indicator of the spread of breast cancer in patients [19]. PET is also more 
sensitive in the detection of bone metastasis compared to other techniques. 
 
Digital Breast Tomosynthesis (DBT), known as 3D mammography, got approved by FDA in 2011 
as a supplement for routine digital mammography. DBT is being developed to improve detection 
and characterization of breast lesions especially in women with fatty breasts. Images obtained from 




breast, which results in difficulties such as, composite densities and the masking of pathology by 
overlying normal glandular tissue, hence DBT has been developed to overcome these problems. 
A principle of DBT is that they acquire multiple images at different angles of a compressed breast 
and images are reconstructed to create a stack of slices. This allows the radiologist to ‘unpick’ 
composite densities and to further assess the mammographic morphologies. A potential 
disadvantage of this technique is increased patient radiation dose. Early studies have suggested 
that DBT plus conventional mammography can reduce recall rate and improve cancer detection 
rate [20]. There is an increased cost and increased physician interpretation time associated with 
DBT. This technique is becoming more widely available and is well-tolerated by patients while the 
breast positioning and compression level stay like mammography. 
 
Molecular breast imaging (MBI) uses dual gamma detectors to identify metabolically active cells 
and is not affected by higher density in breast tissue. The breast is lightly compressed between two 
detectors with a mild compression force, which is approximately 1/3 of mammography. MBI has 
a similar sensitivity and specificity for detection of breast cancer as MRI, but the patient will 
experience radiation exposure and is not widely available to the general population. Therefore, 
MBI is usually reserved for elevated risk in women who cannot undergo MRI. 
 
Such limitations of existing breast diagnostic imaging methods have motivated researchers to 
explore the potential of alternative imaging methods. One class of innovative approach, 
microwave imaging (MWI), is based on the complex electrical property differences of breast tissues 
and has been researched as an alternative to X-ray mammography. Microwave images present a 
map related to the electromagnetic (EM) properties of tissues and liquids in a region with different 
types of tissue properties. Breast imaging is particularly attractive from MWI point of view, because 
it is easy to access. MWI uses scattered waves and reflected waves which arise from the contrast 





Figure 1-2: Schematic representation of breast screening by microwave imaging. Multiple antennas are placed around 
the breast. An antenna will be selected, and signals received by other antennas are collected. The transmitting antennas 
are selected to obtain data [25]. 
1.2 Introducing microwave imaging as a sensing and imaging 
modality 
MWI has emerged as a new imaging modality and is based on identifying the dielectric profile of 
the breast, to detect cancers [22]. The use of non-ionizing EM radiation at microwave frequencies 
for medical diagnosis shows several advantages, such as low cost and low health risk, compared to 
other radiation-based imaging techniques [23]. MWI offers a non-invasive way for the diagnosis 








The general principle is depicted in Figure 1-2. Microwave signals that are transmitted from an 
antenna is received by the antennas after signal reflection and scattering. Microwave 
mammography consists of multiple antennas placed around the breast as shown in fig 1-2. An 
antenna is selected, and a microwave signal is transmitted. At the same time, signals received by 
other antennas are also collected. The transmitting antennas are sequentially selected to obtain 
received data. Dielectric property map is created to by using the received data. Different tissues 
cause a different amount of scattering [25].  
 
In the next section, the dielectric theory and studies on dielectric from the past have been 





1.2.1 Dielectric theory 
 
When a permanent dipole, presented in Figure 1-3, has an electric field applied to it, the medium  
becomes polarised with polarisation vector 𝑷 (Equation 1).  
 
The electric field exercises a torque on the molecule which will cause the dipole to rotate and align 
with the direction of the electric field. The total electric field in a dielectric material is the sum of 




As an example, an electric conductor is defined as an equipotential material. If the points in the 
material are at the same electric potential, then the electric field must be zero and there can be no 
electric charges within the material. When the electric conductor is subjected to an applied electric 
field, the applied field exists in all points of the material. To have a total electric field, the material 
must develop an induced electric field such that the sum of the applied field and the induced field 
vanishes in all points of the material. A new vector 𝑫 is then defined as the displacement flux 
density or the electric flux density, 𝑬 is the electric field, 𝑷 is the polarisation vector and the 
permittivity of free space is represented by 𝜺𝟎 [Fm
-1]. 
Figure 1-3: Lewis structure of a water molecule. It follows a bent structure due to the 2 pairs of electrons on the oxygen 
atom forcing repulsion to the more positive hydrogen atoms. Oxygen is more electronegative than hydrogen. The 
hydrogen atoms have a net charge that consists of a vertical and horizontal component. The horizontal component 
cancels each other out, as they are the same magnitude but have opposite direction. While the vertical components of 




𝑫 =  𝜺𝟎𝑬 +  𝑷   [𝑪𝒎
−𝟐 ] (coulomb/metre)                                                     (Equation 1)                                      
 
Dielectric properties can be represented as a function of frequency. Equation 2 refers to the 
frequency dependent complex dielectric constant. The real part, which is called the dielectric 
constant, 𝜀′(ω), represents how much energy the material stores, and the imaginary part 𝜀′′(ω) 
refers to the energy loss in a dielectric medium and is also related to the conductivity of the 
material. The imaginary number is represented by 𝑗, and Ɛ0 represents the permittivity of vacuum.  
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                                                                       (Equation 2) 
 
The polarization can be delayed with respect to the variation of the electric field. The dielectric 
constant and the imaginary part can also be expressed as the tangent of the loss angle (Equation 
3). The tan δ is defined as the ratio of the energy lost with respect to the energy stored and is 
characteristic of a material. In equation 3, Q represents the quality factor, which is the reciprocal 
of the loss tangent. For low loss materials, the angle δ is very small, so the magnitude is close to 
the real component, however, at microwave frequencies, biological tissues with high water content 
such as breast tissues, have a larger imaginary component leading to a higher loss tangent. 
 














1.2.2 The frequency response of dielectric mechanisms 
 When submitted to an electric field, an actual material will exhibit a variety of polarisation 
mechanisms. Figure 1-4 represents the general features of the frequency dependence on the real 
and imaginary parts of the dielectric constant. A material may have several dielectric polarisation 
mechanisms that contribute to its overall permittivity. Dipolar and ionic polarisation mechanisms 
interact strongly at microwave frequencies. Atomic and electronic mechanisms are relatively weak, 
but usually constant over the microwave region. As the frequency increases, low frequency 
mechanisms tend to drop leaving the high-frequency mechanisms to contribute to the dielectric 
constant [26]. 
1.3 Dielectric polarisation mechanisms 
 
A material may have several dielectric mechanisms or polarization effects that contribute to its 
overall dielectric constant. The polarization of a material may be classified according to; 
 
1. Electronic polarization 
 
2. Orientational polarization 
 
3. Atomic polarization 
 




1.3.1 Electronic polarisation 
 
At the centre of the atom, consists of positively charged protons and electrically neutral neutrons. 
The electrons move about in the closed orbits. At any instant, the electron and the nucleus form 
a dipole with a moment directed from the negative charge to the positive charge. When the atom 
is situated in an electric field, the charged particles experience an electric force because of which 
the centre of the negative charge cloud is displaced with respect to the nucleus. A dipole moment 
is induced in the atom, and the atom is said to be electronically polarized. 
  𝜶𝒆 =  (𝟒𝝅Ɛ𝟎𝑹
𝟑)𝑬                                                                                      (Equation 4)                                                                               
 
The electronic polarizability αe can be calculated by making an approximation that the charge is 
spread uniformly in a spherical volume of radius R (Equation 4), where Ɛ𝟎 is the permittivity of 
free space. For any given atom, the quantity inside the brackets is constant and therefore the dipole 
moment is proportional to the applied electric field E. Dielectric moment will be zero once the 
electric field is removed since the charges will be restored to the undistributed positions [27]. 
1.3.2 Orientational (dipolar) polarisation 
 
This type of polarization is typical for polar liquids and polar gases. It also happens in the solid if 
there are permanent dipoles within the structure. In general, molecules are randomly oriented 
because of thermal agitation when an electric field is absent. Once an electric field E is applied, 
dipoles will try to align parallel to the direction of the E field and consequently, the material will 
exhibit net polarization. Hence, compared with the electronic and ionic polarization, orientational 
polarization is strongly temperature dependent and decreases as the temperature increases [28]. 





1.3.3 Atomic polarization 
 
Atomic polarizability αa arises due to the displacement of the nuclei atoms forming the molecule, 
relative to each other. This is in contrast with the electronic polarizability, which arises due to 
electronic displacement, in an electric field. Whether a molecule possesses a permanent dipole or 
not, if it has polar bonds, the applied field will induce a displacement. Atomic polarization exists 
in all molecules, it is more pronounced in molecules that have relatively weak bonds. Atomic 
polarizability can be determined by the difference between the total polarization and the sum of 
electronic and orientational polarization [26]. For example, when an electric field is applied in a 
molecule of sodium chloride, the chlorine atom becomes a negative ion and the sodium atom 
becomes a positive ion. As a result, there will be a relative displacement of the charge centres, and 
the molecule will possess a permanent dipole moment. When there is no electric field, the 
molecules are oriented at random and there is no dipole moment. Equation 5 explains the total 
polarizability αT, where is orientational polarisation, is atomic polarisation and, is electronic 
polarization. 
1.3.4 Dielectric polarization in a single & multi-component system 
 
Polarization processes, such as dielectric polarization, Maxwell-Wagner-Sillars (MWS) polarization 
and lattice polarization have a very close relationship with the dielectric constant. When the applied 
field frequency is low, the dipoles have enough time to respond to the EM field. Upon increasing 
the frequency of the external field, polarizability cannot be maintained, which results in a decrease 
in the dielectric constant. 
Dielectric polarisation within a single-component system mainly arises from dipolar polarization, 
space-charge polarization, and electronic polarization, which have been described in the above 




rearrange along with the electric field direction. Factors such as defects can influence the dielectric 
polarisation.  
For example, a study was carried out by Yangfang et al., where hybrids of MoS2/rGO (molybdenum 
disulfide/ reduced graphene oxide) were prepared. Results showed that they can be promising 
microwave absorbing materials [29]. Defect polarisation caused by MoS2 nanocrystal as well as the 
defect polarisation of imperfect carbon structures played a significant role in EM wave attenuation. 
Generally, incorporation of an element within any crystal lattice leads to inhomogeneity within the 
crystal structure, due to which the obtained defect and dipole produced induces additional 
polarisation. Electrons are trapped within the defects and polarization charges are created. 
 
A study was carried out where frequency dependent permittivity of Ni/carbon-based composites 
and nitrogen-doped Ni/carbon-based composites were evaluated. After nitrogen doping, more 
free charges were trapped by the N-doping-induced defects under EM fields, thus inducing more 
asymmetric charges around the defects. This leads to additional dipolar polarisation. The dielectric 
constant values were higher for nitrogen-doped Ni/C composite compared with just Ni/ carbon-
based composite [30]. In a multi-component heterogenous media, there is a significant interfacial 
polarization mechanism, interfacial polarization. Interfacial polarization effect is often called the 
Figure 1-5: Maxwell-Wagner-Sillars effect in heterogeneous media. The simplest case with a single liquid crystal (LC) 




Maxwell-Wagner-Sillars (MWS) effect [31]. The MWS effect often occurs in heterojunction 
structures. A heterojunction is an interface that occurs between two layers i.e. layers of two 
different materials. MWS effect in heterogeneous structures is due to the accumulation of charges 
at the interface as well as the dipoles on the individual particles. Figure 1-5 shows the schematic 
representation of the MWS effect in a heterogeneous mixture of liquid crystal (LC) and a polymer. 
In these kinds of structures, additional charge accumulation occurs at the LC-polymer boundaries 
under an external field because of the differences in dielectric characteristics and electrical 
conductivity. 
Leistriez et al., performed dielectric measurements on a neat acrylic core-shell particle as well as 
core-shell modified epoxy networks. It was demonstrated that properties of interphases strongly 
affect the interfacial polarization processes and dielectric properties of a polymer blend. Interfacial 
dipoles amplify the response to the incoming EM field and thus enhanced microwave properties 
is observed [32][33]. Chen et al., proposed collective-movement-of-interfacial dipole (CMID) 
based on hydrogenated TiO2. The enhanced microwave absorption is due to CMID in the a 
natase/rutile and crystalline disordered interfaces which induces collective interfacial polarisation 
amplified microwave contrast enhancement properties [34]. 
1.4 Dielectric characterization studies of biological tissues 
 
 
In the microwave spectrum, the dielectric contrast is impacted strongly by the resonance of water 
molecules. Living tissues are characterized as high-water content (muscle, blood, brain) and low 
water content (bone, fat) tissues (Fig. 1-6) [35].  
Due to the large permittivity of water, high-water content and low-water-content tissues exhibit a 
large dielectric contrast, which can be exploited for imaging applications. Understanding the 




unique electrical properties. The increased volume of water within the cancerous tissue is 
responsible for the strong electromagnetic scattering which can be differentiated from other 
tissues using MWI. The increased amount of water, within the tumour cells, leads to greater 
conductivity and dielectric constant of tumour tissues compared with healthy tissues. The data 
presented in Figure 1.6 was collected by Gabriel et al., and plotted over the range 100 MHz to 100 
GHz[35][36]. 
 
The dielectric properties of normal and cancerous tissues of various human organs have been 
explored in many studies previously [37][38][39][40]. However, focussing on just the breast tissues, 
in 1984, Chaudhary et al., measured the dielectric properties of ex vivo normal and malignant breast 
tissues between 3 MHz and 3 GHz[41]. The average set of measurements showed an increase in 
the electrical properties of malignant tissues when compared with normal tissue. In 1988, Surowiec 
et al.,  measured the dielectric properties of ex vivo infiltrating breast carcinoma and its surrounding 
tissue at frequencies between, 20 KHz and 100 MHz[42]. They observed significantly higher 
permittivity values for the central part of a tumour and the infiltrating margins compared from the 
periphery of a tumour. They suggested that the increase in the permittivity within the infiltrating 
margins was because of tumour cell proliferation. In 1992, Campbell and Land, measured the 
dielectric properties of human breast tissue at 3.2 GHz. Campbell opposed that dielectric 
Figure 1-6: Variation of dielectric constant and effective conductivity with frequency for skin and muscle (high water 




measurements made by Surowiec et al., may have been inaccurate, since, samples were kept in 
saline, and results at microwave frequencies may have been altered by the salinity of the sample. 
Campbell and Land examined four types of tissues: fatty tissue, fibro-glandular tissue, benign 
breast tumour tissue, and malignant breast tissue. They were able to see a significant dielectric 
contrast between normal (fat tissue and all the other breast tissue) and tumour tissue [43]. 
In 1994, Joines et al.,  measured the properties of normal and malignant tissues between 50 and 
900 MHz[44]. Results indicated that breast tissue had the largest contrast between normal and 
malignant tissue compared to other tissues such as colon, kidney, liver, lung, and muscle. The 
permittivity of malignant tissue was 3.4 times higher, and conductivity was 6.8 times higher over 
the frequency range between 50-900 MHz. In 2000, Meaney et al., used a clinical prototype of a 
microwave tomographic system to estimate the dielectric properties of normal breast tissue in 
vivo[45]. They measured the average dielectric constant and conductivity of cancer-free breast 
tissue. They noted that the average dielectric constant values of normal tissue at 900 MHz were 
significantly higher than those previously published by Joines et al., Meaney also suggested that a 
correlation existed between the average dielectric constant and density of the breast tissues with 
high-fat content. Tissues with high-fat content had an average dielectric constant value of 31, while 
patients’ dense breasts had an average dielectric constant value between 35 and 36 [45]. 
More recently, Choi et al., measured the dielectric properties of breast cancer tissue with the 
properties of metastasized lymph nodes and normal lymph nodes, within the frequency range 
between 0.5 and 30 GHz. Results suggested a contrast between malignant and normal tissue[46]. 
One of the most recent studies was carried out by Lazebnik et al., (2007), [47][48]. In her first study, 
she examined the breast tissues obtained from breast reduction surgeries. More recently, a series 
of ex vivo studies carried out by Lazebnik et al., characterized the broadband electrical properties 
(0.5–20 GHz) of diverse breast tissue types, taken from breast reduction surgeries on a large 




percentage content of adipose (fat) in each sample and that other factors such as age, and tissue 
temperature variability were negligible. The second segment of the large-scale study from cancer 
surgeries by Lazebnik et al., reports the dielectric characterization of normal, benign and malignant 
tissue samples. The contrast between malignant and fatty breast tissues may be as large as 10:1, 
however the distinction between malignant and healthy fibro-glandular tissues can be as low as 
10%. 
1.5 Microwave techniques for measuring dielectric properties 
A vector network analyser (VNA) consists of a signal source, a receiver and a display (Fig. 1-7). 
The receiver is set to a frequency range to detect the reflected and transmitted signals from the 
material under test (MUT). The receiver is tuned to that frequency to detect the reflected and 
transmitted signals from the material. The measured response of the MUT produces the magnitude 
and the phase data at that frequency.  The source is then stepped to the next frequency and 
measurement are repeated to display the reflection and transmission measurement response as a 













A measurement calibration is used to eliminate the systematic measurement errors due to the 
imperfection of the system. Random errors can be caused due to noise, drift, or the environment 
(temperature, humidity, pressure) cannot be removed with a measurement calibration. Because of 
this, microwave measurements are susceptible to errors from very small changes in the 
measurements system.  Errors can be eliminated by adopting a good measurement practice and 
minimizing any physical movements of the VNA and by making sure that at the connector and 
the cables remain intact [49]. A typical coaxial probe system (Fig. 1-8) consists of a vector network 
analyser, a coaxial probe, an external computer with the software. 
1.5.1  Coaxial probe technique 
 
Figure 1-9: Schematic representation of two types of probe design (a) High temperature probe (b) Slim form probe [51] 






1.5.1.1 High temperature probe  
A high temperature probe (Fig. 1.9 a) operates between 0.2 – 20 GHz and is capable of 
withstanding temperatures form -40 to 200º. Due to the design of this probe, it allows the 
measurements of flats surfaced solids in addition to liquids and semi-solids [49]. 
1.5.1.2 Slim form probe 
A slim form probe (Fig. 1.9 b) operates between 0.5-50 GHz and can fit in very tight smaller 
spaces. Due to the design of the probe, it allows measurements for liquids and semi-solids only.  
A coaxial probe technique in general is best for liquids and semi-solid materials. Special precautions 
like, avoiding air gaps between the sample and the probe is necessary. Material under test should 
be non-magnetic, needs to have thickness >1cm. Sample needs to be homogenous and isotropic . 
This measurement method is very convenient, simple, non-destructive and with one measurement, 
user can sweep up to 50GHz [50]. 
1.5.2 Resonant cavity method 
A resonant cavity system  consists of a resonant cavity connected between two ports of a network 
analyser with coaxial cables (Fig. 1.10)[50].  




The dielectric properties are calculated form the transmission response of the cavity, which is first 
measured empty and then with the sample which are either semi-solids or in powder form. 
1.5.3 Transmission line system method 
A transmission line system consists of a vector network analyser and a sample holder which is 
connected between the two network analyser ports. Agilent provides a software which can convert 
the reflection and transmission coefficients to dielectric properties. Transmission line system and 
resonant cavity have similarities in there set ups. Both systems have a broad frequency range from 
0.1 to 110 GHz. They can measure magnetic materials and hard solid materials. However, a large 
sample size is required for low frequencies and small sample size for high frequencies. Both 
techniques have better accuracy for extremely low loss measurements[50]. 
1.5.4 Free space method 
A typical free space system (Fig. 1.11) consists of a vector network, two antennas facing each other 
with a sample holder in between them. Agilent provides a software which can convert the 
transmission coefficients to dielectric properties. This kind of system makes permittivity 
measurements without contacting the material sample. This system is ideal for remote sensing and 
for high temperature applications.  




However, sample needs to have a flat surface and need to be facing parallelly. A large sample will 
be required for low frequencies and resonant cavity technique are considered to have better 
accuracy compared with free space technique.  
The open-ended coaxial probe has become the most commonly used method to measure the 
dielectric properties of tissues. This methodology has been used in this study as well. This method 
is commonly used for following reasons: it is easy to use; sample handling is minimal and is non-
destructive. It can also measure liquids, semi-solids and malleable solids.  However, the open-
ended coaxial method assumes a homogenous solution which needs to be in good contact with 
the probe. To avoid errors, air bubbles and uneven surfaces can lead to challenges [51]. Probe is 
sensitive to any movement, which can lead to systematic errors.  
In this study for our dielectric measurements, open ended-coaxial probe measurement technique 
was used. Before dielectric measurements were performed, a three-step standard calibration 
procedure is carried out i.e. open circuit, short circuit and water. Open circuit is air, short circuit 
is a conductive elastomer which mimics the properties of a metal and RO (reverse osmosis) water 
at 20º C. Calibration is performed to reduce any systematic errors.  
1.6 Overview of Microwave Imaging 
The pioneering research that was carried out during 1970-1980, identified most of the challenges 
in the near-field microwave tissue imaging.  These images can be quantitative, by estimating the 
different tissue electrical properties (microwave tomography), or qualitative, for which the location 
and shape of an object that is a strong “scatterer”, usually a tumour lesion, are identified by radar-
based MWI [52].  
Microwave tomography generates an image that maps the electrical properties and their 




imaged. These dielectric properties are translated by the received parameters from the multiport 
imaging system that surrounds the organ to be imaged. Experimental electromagnetic (EM) 
measurements are susceptible to noise and errors from various sources, such as errors caused from 
the source (VNA), mechanical error, model discrepancies, background noise and lossy materials 
in the measurement region. To control the amount of loss, various liquids (coupling mediums) can 
be used in between the antennas and the organ, to improve impedance matching between the 
boundaries and thus decrease loss in a manner like ultrasound gel for ultrasound imaging 
techniques. The use of coupling medium and the extent of loss in tissues is has been described in 
a review by Nikolova.  
1.6.1 Microwave Tomography 
The tomography imaging approach employs an array of antennas, where a transmitter antenna 
illuminates the region being imaged, and the remaining antennas receive the transmitted waves 
[53]. The process is repeated sequentially for each of the antennas in the array [54]. The received 
signals are used to produce a quantitative image using an inverse scattering technique, which 
estimates the spatial distribution of the dielectric properties of tissues [55]. Inverse scattering uses 
scattering signals including diffraction from objects. This creates a map of permittivity and 
conductivity through inversion of those signals.   




Microwave tomography has been studied by several research groups [56][57][58]. The first MWI 
system, which was tested in the clinic, was the tomographic system developed by Dartmouth 
College [59][60][61].  The Dartmouth MWI system composes of an examination table with an 
insertion hole in the top, for the breast (Fig. 1.12). 
The woman to be examined lies on her stomach with her breast extending through a hole in the 
examination table. A tank containing the coupling medium (glycerol and water mixture) is located 
beneath the table. Using a coupling medium with lower permittivity will reduce imaging artefacts 
and can provide improved object detection. The tank contains array of antennas (monopoles) used 
to illuminate the breast and receive scattered signals. 16 antennas form a circle with 15 cm 
diameter, which result in an imaging region with 13cm diameter. For a three-dimensional scan of 
the breast, the antenna array is scanned vertically from the nipple towards the chest wall. A model-
based image reconstruction approach is used to create images from the measured data. 7 vertical 
array positions with 1 cm separation are used to complete a scan of the breast. The scan at each 
vertical position consists of an antenna which is then recorded by 9 opposite transmitter antennas.  
The signals measured at the received antennas will vary based on the imaging object, and the 
location of the antenna (antennas closer to the transmitter may receive stronger signals). The 
results have demonstrated variation within the permittivity. Lower permittivity region 
corresponded to lumpectomy location and higher permittivity corresponded to ex vivo 
measurements of tissues, and the average permittivity values appeared to correlate with breast 
density. 
Another imaging system had been developed by Klemm et al. [52]. They used a mechanical array 
rotation to extract the tumour response from raw measured data. Using a physical 3D curved 
breast phantom, the authors demonstrated the ability to detect small tumours (4mm and 6mm). 




Lo Vetri et al.  presented a pilot study using a microwave tomography system in which they imaged 
the forearms of 5 adult male and female volunteers between the ages of 30 and 48. Microwave 
scattering data were collected between 0.8 to 1.2 GHz with 24 transmitting and receiving antennas 
located in a fluid of deionized water and salt. Inversion of the microwave data was performed with 
a balanced version of the multiplicative-regularized contrast source inversion (CSI) algorithm 
formulate using the finite-element method (FEM-CSI). Initial imaging results showed that the 
image quality is dependent on the thickness of the arms peripheral adipose tissue layer; thicker the 
layers of adipose tissue lead to poorer overall image quality. They also showed that introducing 
prior information into the FEM-CSI algorithm, the internal anatomical features of all the arms are 
resolved and images are improved significantly[62]. 
1.6.2 Radar based approach 
Radar-based breast tumour detection indicates the location of strongly scattered objects, rather 
than producing a distribution map of dielectric properties. The first pulsed radar system for breast 
cancer detection was introduced in 1998 by Susan Hagness [63]. 
To acquire the data, the imaging domain is illuminated with an ultra-wideband pulse (UWB), and 
the same antenna is responsible for collecting the back scattered signal. The sensor is scanned to 
many locations surrounding the breast, and this process is repeated. To identify the presence and 
location of a tumour, the reflections observed at the collection of the sensor locations are focused. 
The scattered signals are recorded, and an algorithm operates on the received signal, which exploits 
the time delay for a round-trip from the transmitter antenna to the focused point. This is carried 
out by computing the travel time between each sensor location and a selected focal point, then 
time shifting and summing the reflections. The process is repeated as the focal point is scanned 
through a region of interest to create an image. When the focal point is located at a reflecting 




in the image. Tumour detection is based on the idea that reflections from the tumour add 
coherently, while clutter tends to add incoherently.  
Radar-based MWI can be done through two approaches: frequency domain analysis and time-
domain analysis. Several microwave systems reported in literature are based on frequency domain 
analysis. Figure 1.13 shows a system based around 31 UWB (ultra-wideband) antennas called 
‘MARIA M4’ at the University of Bristol, UK. This MWI system operates in the 3-8 GHz region 
using multistatic data collection [64]. It uses a 2 port VNA and takes 90 seconds to scan a patient. 
Subsequently, the team developed a 60-element antenna array with 8 port VNA. 
There were 86 patients recruited, who were scanned with a prototype design. The resultant three-
dimensional images were compared with available ultrasound and mammogram images to 
determine the efficiency of this prototype.  
The 86 studies reviewed, 66 had mammograms available for comparison. Images showed the 
location of the strongest signal, and this corresponded in both older and younger women, with 
sensitivity of >74%, found in dense breasts. The results of this pivotal clinical trial indicated that 
 (b) (a) 
Figure 1-13: MARIA M4/M5 array and bed system. (a) MARIA M4/M5 array and bed system. (a) Rotable 60 antenna 




these imaging systems can find rapid application and give promise for an easy and safe detection 
of breast tissue abnormalities. 
Patients undergoing MARIA M4 reported that the procedure was acceptable and appreciated the 
lack of breast compression. The MARIA system produces a high contrast 3D image of the breast 
and offers the provision of a safer, more comfortable and inexpensive breast screening compared 
to other imaging modalities. In 2006, MICRIMA was founded to develop and commercialize the 
technology of microwave radar breast imaging at the University of Bristol, UK. The MICRIMA’s 
MARIA system has undergone clinical trials at several breast cancer imaging centres in the UK 
and got European regulatory approval in 2015 [65]. University of Calgary have developed a tissue 
sensing adaptive radar (TSAR) prototype of radar-based breast imaging system (Fig. 1.13 (b). The 
patient lies face down on the table to be scanned and the breast is immersed in a tank filled with 
immersion liquid. For a TSAR scan, the antenna is physically scanned to synthesize an array tat 
encircles the breast. A small group of people were scanned, and the several images restored were 
like clinical results[66].  
1.7 Use of NPs as contrast agents 
 All medical imaging modalities have limitations to resolution and imaging depth to certain stages. 
The notion of contrast was introduced to make clear and decisive diagnosis. Contrast enhancing 
agents that are based on nanomaterials are used in medical imaging due to their accumulation in 
tumours [67]. Medical imaging modalities exploit certain tissue natural properties, which alter the 
transmitted signal from one part of the body differently from other parts. For MWI, this will the 
dielectric properties of the tissues. The region of interest which requires more contrast is the 
tumour, because the dielectric difference between low water content tissue, such as adipose and 




tumour tissue is as low as 10%. Since most of the breast tumours arise within the fibro-glandular, 
contrast agents are required to improve the difference. 
1.7.1 Enhanced permeation & retention effect (EPR) 
Nanoparticles are appropriate for contrast enhancement as well as being nanocarriers of 
therapeutic drugs, due to the enhanced permeability retention (EPR) of small 
molecules[68][69][70]. Maeda et al., showed that macromolecules such as polymers and proteins 
with molecular weight larger than 40-50KDa show selective accumulation in tumour tissues 
compared with normal tissues. This phenomenon is known as the enhanced permeation and 
retention effect (Fig. 1.15). Due to this, an EPR based tumour targeting strategy was developed by 
using polymer modification, nanoparticles, micelles, liposome, all of which exhibited more than 
10-200 times higher concentrations in tumour than that in normal tissues, such as skin, muscle, 
heart, and kidney, after systemic administration due to the EPR effect. Due to this design, EPR 
has now become a gold standard for anticancer drug design [71]. 
To grow, tumour cells develops a neovasculature to ensure adequate supply of nutrients and 
oxygen. As the tumour starts to grow, they form new blood vessels for their survival. Tumour 
vasculature unlike normal cells, has incomplete endothelial lining causing relatively large pores (0.1-
3 µm in diameter), leading to higher vascular permeability.  
Figure 1-14: Enhanced permeability and retention (EPR) effect and passive targeting. Nanocarriers can extravasate into 




Nanoparticles can extravasate through leaky vasculature to reach the tumour and stay there due to 
poor lymphatic drainage of tumours. However, NPs used for the drug delivery system should be 
large enough to prevent filtration by the kidney and small enough to be captured by the liver and 
spleen [72]. 
Intravenously administered long-circulating nanosized constructs have been known to exhibit 
passive tumour targeting due to the EPR effect. Several products like Doxil®, Abraxane® are 
already in clinical use [71].  
1.7.2 Nanoparticles in medicine 
Most commonly studied NPs include quantum dots, carbon nanotubes, paramagnetic NPs, 
liposomes, gold NPs, polymeric lipid and silver NPs. Magnetic NPs have been used for cell sorting, 
MRI, drug-delivery and magnetic hyperthermia therapy. Lipid and polymeric NPs have been used 
to encapsulate therapeutic molecules to increase drug solubility and drug efficiency through EPR 
effect. Carbon-based NPs have the potential of being used for drug-delivery and biomedical 
applications [72].  
In the next section different nanoparticles which have been used as potential to improve the 
contrast agents for MWI have been highlighted in detail.  
1.7.3 Dielectric studies of nanoparticles  
Microbubbles as a dielectric contrast agent for enhancing the sensitivity of breast cancer detection 
was suggested. Mashal et al., used microbubbles that were air-filled glass spheres (iM30K, 3M) with 
an average diameter of 18 µm and density of 0.6 g mL−1. Ethylene glycol was used as a dispersant 
as it has dielectric properties that are in the range of the biological tissues at microwave frequency 
(3 GHz). Mixtures of ethylene glycol with 0%, 5%, 10%, 20% and 30% by weight concentration 
of microbubbles were prepared and characterised from a frequency range of 0.5–6 GHz by open 




dielectric properties. Also, the stability of the dispersion had large effects on the dielectric 
characterisation. Since microbubbles are less dense that the background medium, they float to the 
top of the surface, therefore measurements were taken with respect to time. Measurements at t0 & 
t2.5 min was compared. Table 1.1 shows that a heavy weight percentage of microbubbles produces 
the same/similar electrical properties at t0 at a lower weight percentage at t2.5 min. Therefore, 
dielectric measurements with the coaxial probe are highly dependent on the colloidal stability of 
the material under test in question, as the measurement depth is very small [44]. Hence 
measurements with the dielectric probe must be dispersed completely to produce comparable 
results. 
Later studies by the same authors were performed on single walled carbon nanotubes (SWNTs) 
and they have shown to increase the dielectric contrast of a background medium, and hence can 
act as a contrast agent for MWI.  However, biocompatibility and toxicity of SWNTs is an issue. 
This has been discussed in detail in chapter 3. They have also shown to increase the temperature 
while being illuminated by a high intensity microwave signal. This is a new field that may shows 
promise.  
Mashal et al., reported that SWCNTs manufactured by Cheap Tubes Inc. using a chemical vapour 
deposition technique and purified using an acid treatment, have the potential to enhance dielectric 
contrast between malignant and normal tissue for microwave detection of breast cancer. Pristine 
carbon nanotubes may have high conductivity and therefore could be used as nanomaterials that 





could affect the dielectric properties of tumours. Mashal et al. used tissue mimicking materials in 
their study to replicate the dielectric properties of tumour tissue over a broadband frequency range, 
were mixed with varying concentrations of SWCNTs. Their dielectric properties were 
characterized over a frequency range of 0.6–20 GHz (Fig. 1.15 a and 1.15 b) [74].  
At SWCNT concentrations of less than 0.5% by weight, significant increase in the relative dielectric 
constant and effective conductivity was observed. Table 1-1 shows the dielectric constant and the 
effective conductivity of a basic oil in gel phantom and same consistency phantoms with varying 
concentrations of SWCNTs. Probe measurements showed that the SWCNTs increase the 
dielectric constant of the medium. 
 
The average dielectric constant of a pure phantom with no SWCNTs, 1 mg mL−1 (0.07%), 2 mg 
mL−1 (0.15%) and 3 mg mL−1 (0.22%) mg mL−1 of SWNTs was 53.3, 57.9, 63.7 and 77.3 
respectively at 3 GHz (Table 1-2). Therefore, not only showing increase in dielectric contrast from 
the background medium but also increase dependency with increase in nanoparticle concentration.  
Figure 1-15: (a) relative permittivity and (b) effective conductivity of tissue mimicking materials with varying 
concentrations of single walled carbon nanotubes, measured over the frequency range from 0.6 to 20 GHz. Each curve 




Results suggest that even at very low concentrations, SWCNTs have the potential to significantly 
increase the dielectric properties. Therefore, SWCNTs could be utilized to be used as a contrast 
agent to enhance the contrast for MWI for breast cancer detection.      
 
Heating response of tumour mimicking gels were also measured by Mashal et al. in the same study.  
Tumour mimicking gels prepared with and without the dispersion of SWCNTs at the same 
concentration from dielectric characterisation was set into a tube connected to a fibre optic 
thermometer. This tube was placed inside an S-band (WR-284) rectangular waveguide with cross-
sectional dimensions of 72 mm × 34 mm that was connected to an Agilent 83623B signal 
generator, and an amplifier (Mini-Circuits, ZHL-42W) produced 1 W of continuous microwave 
power at 3 GHz to the waveguide to heat the gel for 3 minutes with a 5-minute cool down time. 
Results show that the temperature of the gel is increased by 2–8 °C depending on the SWNT 
concentration to the basic gel phantom. It was also shown that the temperature increases in each 
phantom scaled relatively linear with the effective conductivity and those from previous 
experiments with SWCNTs in colloidal dispersion showed similar heating trends, as well as similar 
proportionality with temperature increase and the effective conductivity [73].  
Xie et al.,  could achieve exceptionally high microwave frequency dielectric properties with stable 
high concentration (∼20 mg mL−1) of 1:1 mixture of single- and double-walled carbon nanotubes 
(CNTs)[75]. The method involved functionalising CNTs (Cheap tubes, Inc.) via sonication in nitric 
and sulphuric acid (H2SO4:HNO3, 3:1). Samples for dielectric measurements were prepared by 
Table 1-2: Electrical properties of SWCNT dispersions at 3 GHz [79]. 
 




dispersing treated CNTs in deionised water with mannitol (50 mg mL−1) and the dielectric 
properties were characterised by dielectric probe at frequency range of 0.5–6 GHz. Properties of 
CNTs were also measured before and after passing them through a 25-gauge needle. The study 
indicated the effect of functionalisation on either the dielectric properties or the dispersion, and 
subsequently on their assessed permittivity. The dielectric properties of CNT dispersions were 
shown to be significantly higher than those of the control. The dielectric constant of CNT 
dispersion before passing through the needle was increased by 14% at 10 mgmL−1 and 68% at 20 
mg mL−1 and effective conductivity was increased by 66% and 404% for 10 and 20 mg mL−1 
samples. The authors suggested that such high increase in dielectric properties was due to the 
successful functionalization of CNTs with carboxylic and sulfonic groups after the acid treatment 
on the outer CNT walls. This was responsible for their stabilisation and their increased dispersion 
and colloidal stability was attributed to the stronger length-shortening effect. 
Xie et al., also carried out acid purification methods (hydrochloric acid/hydrogen peroxide method 
and nitric acid reflux method) for synthesis of single walled carbon nanotubes, Co-CNTs (CNTs 
synthesized by catalytic chemical vapor deposition) and Fe-CNTs (CNTs synthesized by high 
pressure CO method) and their dielectric properties were studied using a slim form probe between 
0.5–6 GHz [76]. For microwave frequency dielectric measurements, 3 mg mL−1 of SWCNTs were 
dispersed in 0.1% aqueous PL-PEG5400-NH2 (Phospholipid-polyethylene glycol-amine) or DSPE-
PEG (1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-Polyethyleneglycol) and sonicated for 12 
hours. These lipids and amphiphiles are widely used to improve the colloidal stability and 
biocompatibility of nanomaterials.  
The authors observed a significant increase in the dielectric properties for pristine (non-purified) 
Co-SWCNT compared to the control. For example, at 3 GHz, the average dielectric constant 
increased by 10% and the average effective conductivity increases by 45%. The dielectric 




the pristine dispersion, indicating an effect of possible oxidation affecting the SWCNT dielectric 
properties. At 3 GHz, the average dielectric constant decreases by 1.6% and the average effective 
conductivity decreases by 8.7%. The dielectric properties of the HNO3-purified Co-SWCNT 
dispersion were closer to those of the control sample than the pristine SWCNT dispersion. These 
results show that the HNO3 purification method more severely reduces the microwave-frequency 
dielectric properties enhancement effect of Co-SWCNTs in dispersion than the HCl + H2O2 
purification method. Their study demonstrated the following: (1) Aqueous dispersions of pristine 
Co-SWCNTs and Fe-SWCNTs synthesized by two distinct methods, with significant differences 
in morphology, show similarly elevated microwave dielectric properties compared to a control: (2) 
acid-purification-based changes in SWCNT structure and composition decreases the length and 
fraction of metallic nanotubes, as well as increases in amorphous carbon and covalent 
functionalization of SWCNTs depending on the purification method and dramatically reduces the 
microwave dielectric properties of SWCNT aqueous dispersions. These findings have important 
implications in the development of SWCNT-based formulations of microwave-frequency 
theranostics agents for biomedical applications. 
Li et al., measured the effective dielectric properties of PL-PEG functionalised SWCNTs at a 
concentration of 2 mg mL−1. Dielectric properties were measured from 0.5–10 GHz by using a 
precision open-ended coaxial probe technique. They were shown to have a 90% increase in 
effective conductivity and 10% in dielectric constant compared to the properties of PL-PEG in 
water at 1 GHz. SWCNT (0.5 µm length) colloidal dispersions (0.5 and 1 mgmL−1) produced by 
Stony Brook University were also stated to increase the dielectric constant compared to aqueous 
back-ground and that other forms of carbon such as Bucky balls show no effective contrast. The 
significant difference of aspect ratio between the SWCNTs and the Bucky balls was stated as the 




Metallic nanoparticles have also been characterised previously; dielectric properties of colloidal 
dispersions consisting of 30% volume fraction of copper nanoparticles (384 nm) in ethylene glycol, 
by using both wideband open-ended coaxial probe technique and narrowband cavity perturbation 
technique were performed. There was no meaningful change in the effective conductivity, 
however, a 20% increase in the dielectric constant compared to background medium at 2 GHz 
was observed.  
This percentage increase is only related and that a sizable percentage of NP was dispersed in 
solution, compared to the characterisation of CNT colloids. This characterisation experiment 
shows that different measurement techniques have good agreement with each other, with respect 
to a stable and fully dispersed medium that is isotropic.  
Ogunlade et al., used a resonant cavity perturbation technique to characterise the dielectric 
properties of superparamagnetic carboxydextran coated iron oxide (EM1301 which contains 0.5 
M of iron as iron oxide NPs) and paramagnetic gadolinium-based contrast agents; Magnevist®, 
Dotarem® and Prohance® at concentration of 0.5 M at 3 GHz (Table 1-3).The authors stated 
that the contrast originating from gadolinium compounds was not because of gadolinium itself but 
it was due to the dis-association of gadolinium salt which increased the ionic conductivity [78]. 
 
Iron oxide particles were also found to produce low but measurable dielectric contrast due to 
dielectric polarisation loss. 
Table 1-4: Dielectric properties of clinically used Gadolinium agents and ferroelectric nanoparticles at 1 and 2.45 GHz 
[83]. 
 





This was due to the carboxylated dextran coating on the NPs and not because of iron oxide itself. 
They concluded that gadolinium-based contrast agents and iron oxide have little merit as contrast 
agents[78]. 
 
Semenov et al., measured the dielectric properties of certain ferroelectrics as potential contrast 
agents for microwave tomography. Barium titanate (BaTiO3) and calcium titanate (CaTiO3) with a 
particle size of 50 nm were suspended in glycerol. 
 Measurements were conducted using a well-established coaxial probe technique. Results 
suggested that with the presence of ferroelectric NPs (Table1- 4), the dielectric contrast observed 
is much higher compared to biological tissue such as muscle which has a dielectric constant of 56 
at 1 GHz. This contrast with ferroelectrics is even more evident if compared with lower water 
content tissues such as fat [24]. 
Table 1-6: Dielectric properties of ferroelectric nanoparticles at 1 and 2.45 GHz [24] 
 
Table 1-7: Dielectric properties of ferroelectric nanoparticles at 1 and 2.45 GHz[24] 
Figure 1-16: (a) Dielectric constant and (b) loss tangent of the nanocomposites measured at 1 kHz as a function of aspect 




It is demonstrated that the dielectric constant of the nanocomposite can be significantly improved 
by increasing the aspect ratio of BaTiO3 Nanowires (NW), while the loss tangent shows slight 
variation with value around 0.04 at 1 kHz under different of aspect ratio and volume fraction of 
BaTiO3 NWs. The loss tangent of PVDF matrix is around 0.06 at 1 kHz, which indicates that 
integration of BaTiO3 NWs decreases the loss tangent of the film. This study was able to determine 
the relation between the aspect ratio of fillers and dielectric constant of the nanocomposites. It 
shows that the dielectric constant of the nanocomposites can be improved by higher aspect ratio 
fillers [79].  
Tang et al., demonstrated that the dielectric constant of the nanocomposite increases with the 
aspect ratio of barium titanate (BaTiO3) nanowires. The aspect ratio of BaTiO3 nanowires can be 
successfully controlled by adjusting the temperature of the hydrothermal growth from 150 to 240 
°C, corresponding to aspect ratios from 9.3 to 45.8, respectively. Figure 1-16 clearly shows that 
the aspect ratio of BaTiO3 nanowires highly depend on the hydrothermal temperature[79].   
The dielectric constant of the nanocomposites was measured with an Agilent 4980A LCR meter 
at a frequency of 1 kHz. The dependency of the nanocomposite dielectric constant on the 
concentration and aspect ratio of the fillers is shown in Figure 1-16. The dielectric constant of the 
increases with increasing volume fraction of the fillers due to the higher dielectric permittivity of 
BaTiO3 as compared with the PVDF polymer (9.8 at 1 kHz).  
Magnetic nanoparticles (MNPs) have gained an immense interest in biomedicine because of their 
biocompatibility, easy functionalisation and magnetic properties [80][81][82]. In principle, MNP-
enhanced MWI has the potential of significantly reducing the occurrence of false positives and 
false negatives due to low dielectric contrast between healthy and fibro-glandular tissues. Bucci et 
al., carried out a study in which MNPs were dispersed in a biocompatible environment, such as 
water or phosphate buffer saline (PBS), known as water-based ferrofluids (WFF)[83][84]. The 




WFF is a colloidal suspension of magnetite nanoparticles dispersed in water and coated with 
anionic surfactant. The colloidal suspension was diluted in PBS to an MNP concentration of about 
25 mg mL−1. The investigated frequency range was 0.1–8 GHz and S11 and S21 were measured at 
601 equispaced points with a vector network analyser (Planar 804/1 from copper mountain 
technologies) connected to the measurement coaxial cell. This consists of N-male and N-female 
connectors together to obtain a sealed cell of fixed length. The cell is made of non-magnetic metal. 
The WFF is injected into the cell through two small holes on the lateral ferrofluids with a low 
concentration of magnetite MNPs in PBS have been reported and discussed. Characterization of 
a diluted WFF sample has never been presented in the literature before and represents an essential 
prerequisite for the implementation and the subsequent optimization of all the applications 
exploiting the response of MNPs to microwave and electromagnetic fields.   
The MNP contrast imaging technique consists of microwave antennas surrounding a region of 
interest connected to a vector network analyser. In contrast to common MWI systems, a polarising 
magnetic field (PMF) is used to induce magnetic contrast, which is attributed to the amplitude 
modulation of the PMF. This is advantageous because it can detect extremely low magnetic 
contrast. 
Also, it was shown that it is possible to detect amounts of commercially available MNPs as low as 
2-7 mg, depending on the breast type for a reliable imaging[85].  
To this end, an ad hoc measurement strategy and setup have been exploited. To investigate in 
detail, the nature of the measured response, as well as to obtain an analytical description of the 
magnetic properties of the investigated sample in the considered ranges of frequency and 
polarising magnetic field intensity, the measurement results have been fitted with the simplest 
dispersion model reflecting the basic physical requirements, namely, a superposition of resonant 




The above-mentioned studies indicate that nanomaterials can be used as contrast enhancing agents 
for MWI. It is likely that these nanomaterials can have therapeutic properties. For instance, some 
of the nanoparticles could provide ablative hyperthermia in tumours when combined with EM 
techniques. Alternatively, these contrasts enhancing nanomaterials could be combined with 
therapeutics and promote their targeted drug delivery effect in lesions. The development of such 
systems is yet to be seen. Nevertheless, MW imaging and hyperthermia systems are a promising 
new tool that when combined with nanomaterials could offer a safe and accessible method of 
diagnosis and treatment. 
1.8 Conclusions 
Microwave systems can provide sensing and imaging therapeutics. Research efforts on the effects 
of EM radiation at MW frequencies and the development of MW sensing equipment indicate an 
emerging research area that aims to provide systems for diagnosis and therapy that are safe (non-
ionising) and accessible (low cost). Nanomaterials such as carbon nanotubes and iron oxide 
nanoparticles could function as contrast enhancing agents for microwave imaging due to their 
advantage of affecting the dielectric properties of the medium that they are dispersed within. These 
nanomaterials show a preference in localising in cancer lesions due to their extravasation from the 
leaky angiogenic blood vessels into the tumour. Nevertheless, their properties in vivo imaging 
experiments is yet to be seen. More screening work is required for the identification of 
nanomaterials that can affect the dielectric properties of tissues. 
This thesis discusses the aim of identifying and developing potential biocompatible contrast agents 
which can be used to enhance the dielectric properties between a malignant and a healthy tissue 
for MWI purposes for breast cancer detection. Some of the nanomaterials explored in this study 
have never been explored previously as contrast agents for therapeutic purposes.  This thesis 




dispersed well in their respective mediums. Also, having a molecular structure which makes a 
nanomaterial polar is crucial for attaining high dielectric property results. Therefore, this work 
provides an improved understanding of selecting appropriate materials which would show high 
dielectric property behaviour and become useful for MWI applications. My thesis ends with an 
overview of the data collected and critical analysis of the requirements of contrast enhancers for 
microwave imaging and a future perspective of how these nanomaterials should be designed to be 








































2.1 Materials  
2.1.1 Materials used for chapter 3; 
Table 2-1: Length, diameter and purity of different CNTs received from Cheap tubes Inc. (USA) 
2.1.2 Materials used for chapter 4;  
Zinc oxide (effective conductivity-Aldrich Company Ltd; Stated manufacturer size of <100 nm), 
silicon dioxide - quartz, (effective conductivity-Aldrich Company Ltd; Stated manufacturer size of 
10-20 nm), polyethylene glycol (effective conductivity-Sigma Aldrich Company Ltd; average 
molecular weight (MW) of 8000 Da), pluronic – F127 (effective conductivity-aldrich Company 
Ltd) and CNT-OH (Cheap tubes, Inc.; Stated manufacturer size of 1-4 nm in diameter and 5-30 
µm in length; > 90 % purity; 3.9 % OH groups used, as they have better dispersion properties).  
2.1.3 Materials used for chapter 5;  
Iron oxide (effective conductivity-Sigma Aldrich Company Ltd, United Kingdom, 50-100 nm) iron 
oxide (Liquids Research Company Ltd, United Kingdom, size  - 10 nm), iron oxide 
Carbon nanotubes (CNTs) Length 
Reported (µm) 
Diameter (nm) Purity Nomenclature  
 
Single wall/ Double Wall 
carbon nanotube 
 
5-30  1-4 >90% SWNT 
Multi – walled carbon nanotube 10-30  20-30  MWNT 
Short single wall/ Double Wall 
carbon nanotube 
0.5-2.0 1-2 >90% sSWNT 
Single wall/ Double wall carbon 
nanotube - OH 
5-30 1-4 >90% SWNT-OH 
Multi – walled carbon nanotube 
– OH 
10-30 20-30 >95% MWNT-OH 
Short Single Wall/ Double wall 
carbon nanotube - OH 




(Endomagnetics Ltd, United Kingdom, size – 60 nm) (III) acetylacetonate (Acros Organics, 
United Kingdom; average molecular weight: 353.17 g/mol), 1,2 – hexadecanediol (Sigma-Aldrich 
Company Ltd, United Kingdom; MW:258.44g/mol), oleylamine (Sigma-Aldrich Company Ltd, 
United Kingdom; MW:267.49g/mol,), oleic acid (Sigma -Aldrich Company Ltd, United Kingdom; 
MW: 282.46), hexane fraction from petroleum, (Sigma -Aldrich Company Ltd, United Kingdom; 
MW: 86.18), benzyl ether, (Acros Organics, United Kingdom; MW: 198.26 g/mol), ethanol 
(absolute) analytical reagent grade (Fisher Scientific Ltd, United Kingdom), poly (maleic anhydride-
alt-1-octadecene), powder (Free-flowing), (Sigma -Aldrich Company Ltd, United Kingdom; MW: 
30,000-50,000 g/mol), chloroform, (Sigma -Aldrich Company Ltd, United Kingdom; MW: 119.38 
g/mol,), sodium hydroxide ≥ 97.0% (T) pellets, (Fluka Analytical Ltd, United Kingdom; MW: 40 
g/mol), silicone solution for siliconizing glass and metal in isopropanol, (SERVA Electrophoresis 
GmbH, Germany). 
2.1.4 Material used for TM (tissue mimicking) phantom 
2-propanol ( anhydrous, 99.5%, Sigma -Aldrich Company Ltd, United Kingdom), gelatin (from 
porcine skin, gel strength 300, type A, Sigma Aldrich company Ltd, United Kingdom), T(triton)X-
100 (effective conductivity- Sigma Aldrich Company Ltd, United Kingdom), formalin ( for 
molecular biology, 36.5-38% in H2O, Sigma Aldrich Company Ltd, United Kingdom), safflower 
oil (Carthamus tinctorius, Fischer Scientific Ltd, United Kingdom), kerosene (Fischer Scientific 









2.2.1 Morphological characterisation of nanoparticles 
Morphological studies provide detailed surface data of nanoparticles. Topographical, 
morphological and compositional information regarding the surface of a sample is obtained from 
SEM and AFM. The information obtained from these microscopies may indicate the particle 
diameter and its shape in its normal physical state. 
2.2.1.1 Atomic force microscopy (AFM) 
Sample preparation;  
Chapter 4 - For AFM analysis 1 mg/mL of SiO2, ZnO and ZnO-PEG was prepared in water and 
100 µl was pipetted on the glass microscopic slide which was dried using nitrogen gas. 
Images were taken using the Bruker icon dimension atomic force microscope, with the standard 
tapping mode applied. The scanning area started at a large region of 10 x 10 µm and is decreased 
to a smaller region of interest (ROI) of 1.66 x 1.66 µm. The scan rate decreased from 0.99 to 0.70 
Hz as the scan size decreased, to improve image quality. The software uses a PID feedback system 
to improve the trace and retrace signals. To improve the reliability of image acquisition, the scan 
angle of the probe is altered from 0° to 90° and the raster scan for the images is repeated. This is 
a confidence check to observe any artefacts produced because of particles/dust stuck onto the 
cantilever. 
2.2.1.2 Scanning electron microscopy (SEM) 
Sample preparation;  
Chapter 3 - Prior to imaging, 2 mg/mL solution of the different CNT NP suspensions were 




Chapter 4 - Prior to imaging 2 mg/mL of SiO2, ZnO and ZnO-PEG in water was prepared and 
100 µl of each was pipetted on the glass microscopic slide. 
Chapter 5 - Prior to imaging, 1 mg/mL solution of sienna+, FF and SA were prepared and 100 µl 
of each was pipetted on the glass microscopic slide. For zinc ferrites; from 2 mg/mL of [Fe3O4]-
PMAO, [(Zn 0.18 Fe 0.82) Fe2O4]-PMAO and, [(Zn0.39Fe0.61)Fe2O4]-PMAO 100 µl of each was 
pipetted on the glass microscopic slide.  
After the desired amount was pipetted onto a glass microscopic slide it was dried using nitrogen 
gas. The glass slide was coated with an electrically conducting layer of gold. Coating is crucial as it 
prevents charging of the specimen, which would otherwise occur due to accumulation of static 
electric field. SEM images were taken using a Hitachi scanning electron microscope with EDX 
elemental analysis (Oxford instruments) (model - S4000 FEG SEM with Oxford Instruments 
INCA EDX) which has a resolution of ~10 nm at 25 kV and 80 kX magnification. 
2.2.2 Turbidity measurement using Ultraviolet-Visible Spectrophotometry 
(UV-Vis)   
Sample preparation;  
Chapter 4 - ZnO and ZnO-PEG NPs were suspended in aqueous solution at a concentration of 
1mg/mL and serially diluted to 20 μg/mL.  
Chapter 5 - Prior to imaging, 1 mg/mL solution of sienna+, FF and SA were prepared which was 
serially diluted to 10 µg/mL. For zinc ferrites; 2 mg/mL of [Fe3O4]-PMAO, [(Zn0.18Fe0.82)Fe2O4]-
PMAO and, [(Zn0.39Fe0.61)Fe2O4]-PMAO was serially diluted to 20 µg/mL.  
After the desired concentration had been prepared for respective samples, the suspensions were 
sonicated for 60 min and vortex shaken at 10 min intervals and measurements of light transmission 
were taken at a wavelength (λ) of 415 nm. Samples were then transferred to a UV cuvette which 




Transmission measurements were taken by the S2000 UV/Vis Spectrophotometer. A 
spectrophotometer was used to measure the turbidity of our samples. A spectrophotometer 
measures the amount of light that can pass through a solution. It is apparent that less light would 
pass through a solution which is more turbid or is a coloured solution. This technique was used to 
measure the stability of the dispersion of NPs in water over a time of 4 hours, with a sample 
population of 6 elements. 
2.2.3 Nanoparticle size measurement using Dynamic Light Scattering 
(DLS) 
Dynamic light scattering is a technique which records the averaged intensity weighted particle 
diameter of the NPs in a suspension. As the dielectric measurements are performed in suspensions, 
it was crucial to understand the macroscopic and microscopic particle interactions when in solution 
compared to their physical state.  
Sample preparation;  
Chapter 4- ZnO and ZnO-PEG NPs were suspended in aqueous solution at a concentration of 
1mg/mL and serially diluted to 20 μg/mL 
Chapter 5 - Prior to imaging, 1 mg/mL solution of Sienna+, FF and SA were prepared which was 
serially diluted to 10 µg/mL. For zinc ferrites; 2 mg/mL of [Fe3O4]-PMAO, [(Zn0.18Fe0.82)Fe2O4]-
PMAO and, [(Zn0.39Fe0.61)Fe2O4]-PMAO was serially diluted to 20 µg/mL. 
Measurements were carried out on six set of samples for each NP with a 2 min equilibration time, 
taken at 25 °C over a period of 4 h, with a sample population of 6 elements. DLS was carried out 
using the Malvern Zetasizer Nano S, which provides the Cumulants analysis; Z-average size (nm) 




2.2.4 ZnO nanoparticle surface modification using PEG (polyethylene 
glycol) 
750 mg of PEG (MW = 8000 Da) stirred into 100 mL of reverse osmosis (RO) purified water 
until it was completely dissolved. 606.9 mg (15 mg/mL) of zinc oxide powder was suspended into 
40 mL of RO water and sonicated (f = 37 kHz, P = 160 W) vigorously for 1 h, and vortex shaken 
at 20 min intervals. The pH of the solution was adjusted to be 8.5 by adding 0.05 M sodium 
hydroxide (NaOH) followed by 30 min of stirring and a following 30 min of sonication. 10 mL of 
the PEG solution was added to the ZnO NPs suspension followed by a final 1h of sonication. 
The reaction mixture was stirred for 48 h at room temperature. The NPs were collected in a 
centrifuge and washed in water, followed by further washing procedure, to remove unabsorbed 
polymer. The powder was dried overnight [86].  
2.2.5 Synthesis of ferrites by thermal decomposition 
0.706 g of Fe(acac)3 and 2.58 g of hexadecandiol were added to a 50mL three neck round bottom 
flask along with (2.11 mL) oleic acid, (2.82 mL) oleylamine and (20 mL) benzyl ether. The mixture 
was then stirred and heated to 200 °C for one hour and 300 °C for two hours under nitrogen. 
After the reaction was cooled to room temperature, the mixture was added to two 50 mL falcon 
tubes with 40 mL of ethanol. Falcon tubes were centrifuged for 30 min at 4000 g. Ethanol, i.e. the 
supernatant was discarded. The pellet left in the falcon tube was resuspended in 20 mL of hexane, 
and 50 μL of oleic acid and oleylamine were added. The solutions were combined into only one 
falcon tube. Tube was centrifuged for 10 min at 4000 g. Supernatant was kept and pellet was 
discarded. Then 20 ml of ethanol was added to the falcon tube and was centrifuged for 30 min at 
4000 RPM. Supernatant was discarded, and the pellet was left to dry under vacuum overnight. 
Fe3O4 were synthesised as above, however the first step was modified for each composition, and 






Table 2-2: Different amount of Fecl2, Fe(acac)3, and ZnCl2 required to prepare different zinc ferrite compositions 
Zinc ferrite composition  Amount of materials  
FeCl2 (g) Fe(acac)3 (g) ZnCl2 (g) 
Fe3O4 - PMAO - 0.353 - 
[(Zn0.18Fe0.82) Fe2O4]- PMAO 0.06 0.353 0.01 
[(Zn0.39Fe0.61) Fe2O4] - 
PMAO 
0.04 0.353 0.03 
2.2.6 Functionalisation of ferrites with PMAO  
PMAO (45mg) was dissolved in 20mL of chloroform in a round bottom flask and left to stir 
vigorously for 1 minute. After a clear solution was obtained, 2 mg of SPIONs were added to the 
flask. The solution was then left to stir with a magnetic stirrer for 1 hr at room temperature in the 
sealed flask, until a translucent solution with a red-brown tint was produced. The flask was then 
placed in a rotary evaporator for 20 min (set to room temperature) to separate the chloroform. 
Chloroform (1mL) was then added to the flask to re-dissolve the SPIONs followed by 15 mL of 
0.05 M NaOH in water. The flask was continually agitated whilst left on a hot plate set to 60 °C. 
After ten min, a further 10 mL of NaOH was added whilst still heating and agitating the flask. This 
was done until a clear black solution showing no evidence of a biphasic system was produced. The 
solution was poured into two centrifugal filter units and centrifuged for 15 min. The nanoparticles 
were removed from the filter with distilled water and pipetted in new glass vials.  
2.2.7 Tissue-mimicking (TM) phantom preparation 
Different materials and the amounts used have been highlighted in table 2-3. In a cylindrical glass 
beaker, mix in 2-propanol and double distilled water in the beaker while being stirred with a 
magnetic bead. Slowly pour in the gelatine powder; otherwise the gelatine will congeal in the 
beaker. Cover the beaker with foil and place on a heat block, increasing the temperature slowly to 
100 °C, so the mixture doesn’t burn. Heating the mixture to 95 °C is a minimum. In a separate 




to 65 °C. When the temperature of the gelatine solution has reached a minimum of 95 °C, remove 
the beaker from the block and let it cool to 60 °C. Keep stirring the beaker using the magnetic 
stirrer, while the viscosity of the mixture is low. Once the temperature of the gelatine solution has 
dropped to 60 °C, remove the oil mixture from the heat block (oil temp = 65 °C) and pour it into 
the gelatine solution, and set the stirrer to its highest value. The emulsion of the oil and water 
should start to form. 
Once the temperature of this solution has dropped to 50 °C the viscosity will increase. Pour in the 
surfactant and the emulsion of oil and water should turn white (opaque). If the colour of the 
mixture isn't pure then add 1/10 of the required surfactant again, until the solution is completely 
white, and the oil droplets are less than 3 mm in size. Pour in the desired concentration of 
nanoparticles (2, 1, 0.5, 0.25 mg/ml) and stir vigorously until the aggregates aren't visible to the 
naked eye. During this phase, the nanoparticles don’t aggregate. If aggregates occur, add a 1/10 of 
the required surfactant until dispersion is visible. When the temperature of the solution is at 40 °C, 
pour the mixture into moulds, and then pour in formaldehyde. Leave the phantoms in the fume 
hood to degas for a minimum of 24 hours. Fill the moulds with oil to stop the water inside the 
phantoms from evaporating. Cover the moulds with foil and place in a fridge to set.  
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2.2.8 Sample preparation for dielectric characterisation 
Colloidal dispersions were made in a final volume of 20 mL with 1 % (v/v %) pluronic-F127. 
Pluronic-F127 is a non-ionic triblock copolymer composed of a central hydrophobic chain of 
polyoxypropylene with two hydrophilic chains of polyoxyethylene. Pluronic is known to have high 
solubility in water. The surfactant was used to improve the dispersion of NPs in water. Samples 
were vortex shaken for 2 min and sonicated for 30 min at room temperature (20°C) to ensure a 
complete dispersion and a homogenous solution. 
2.2.9 Characterisation of dielectric Properties 
Dielectric characterisation was recorded using a commercial open-ended coaxial cable method 
[87]. The slim-form probe was calibrated using three known dielectric materials; air, short block 
(conductive elastomer that mimics electrical properties of metal), and RO water (20 oC). The 
minimum and maximum frequencies for the dielectric measurements was set to 1 and 4 GHz, 
respectively. This range was chosen as it is the relevant frequency range for microwave tomography 
studies [88]. Three different samples for each NP were prepared and ten set of measurements for 
each were taken at room temperature. The probe operates between 0.5–50 GHz and needs a 
minimum of 5 mm sample thickness for measurement. The ideal measurement requires the 
immersion of the probe into an isotropic medium.    
The network analyser measures the reflection coefficient of the material under test (MUT), not its 
dielectric constant. The software, through a model, translates the reflection coefficient to complex 
dielectric constant values, which captures the permittivity and conductivity of the material via the 
frequency dependent equation;  
εr
∗(ω) =  ε′r − jε
′′









Equation (1) refers to the frequency dependent complex dielectric constant εr
∗(ω), which is equal 
to the real part (dielectric constant) ε', the imaginary part ε'' (j=√-1), which in turn is related to the 
effective conductivity (σ) of the material at specific frequencies.  
The plotted average change in chapters 3,4 and 5 is the difference between the mean of the 
respective data and the averaged control divided by the averaged control (Equation 2) where x̅ is 
the mean.  
Average change =  
x̅Np − x̅control 
x̅control
 × 100  (%)                      (Equation 2) 
2.2.10 Raman Spectroscopy 
Small amount of the dry sample i.e. carbon nanotubes were added to the sample holder. Dry state 
Raman spectroscopy was carried out via an InVia Raman Spectrometer (Renishaw Plc, Wotton 
ender Edge, UK), using a x20 / 0.45 NA objective lens and a 1200 line per millimetre defraction 
grating. The illumination source was a 633 nm ion laser, which was used at 50% power and had a 
power at the sample of 2.4 mW. 
2.2.11 Total reflection X-ray fluorescence spectroscopy (TXRF) 
TXRF measurements were carried out with a Bruker S2 Picofox. This technique works as follows; 
a monochromatic X-ray beam impinges samples at a small angle and is totally reflected. An energy 
dispersive X-ray detector then measures the emitted characteristic fluorescence of the samples. 
Samples were prepared as follows: 1-2 mL of silicone solution was pipetted onto four numbered 
glass plates in petri dishes. These were then left to dry in a 60 °C oven for 80 min. Two dilutions 
were then prepared for three ferrites using a gallium standard (20mg/mL). For all SPIONs, a 50:50 





























Carbon nanotubes (CNTs) are the members of the fullerene family, which were discovered by 
Kroto et al., [89]. CNTs have attracted considerable attention in the field of nanoscience due to 
their unique structural, high conductivity, outstanding chemical stability and mechanical properties 
[90]. Carbon materials, such as carbon fibres, CNTs  and silicon carbide fibres have been found 
to be good candidates for electromagnetic (EM) wave absorption due to their low 
density[91][92][93] [94] [95]. CNTs have become very important due to their excellent dielectric 
polarization properties and low density, which allows excellent EM wave absorption with a 
reduction in thickness and weight [96][97]. For example, carbon nanocoils exhibit superior 
microwave absorbing properties compared with larger carbon nanocoils. Carbon nanotubes are 
known to be electronic conductive materials and have been used to vary the dielectric properties 
of compositions [98]. The size and unique physiochemical properties of CNTs make them an ideal 
candidate for tumour targeting applications [99]. CNT based contrast agents have shown promise 
for molecular imaging by magnetic resonance, positron- emission tomography, nuclear, and 
photoacoustic imaging modalities [100]. Involvement of CNTs in the treatment of cancer has 
shown to improve the speed and efficacy of both detection and in therapy schemes. 
Other, studies where CNTs have been used as potential contrast agents have been discussed in 
chapter 1. However, studies carried out previously have only explored one kind of CNT, which is 
the single-walled CNT (SWNT) in tissue-mimicking (TM) phantom, SWNTs functionalized with 
PL-PEG (phospholipid – poly ethylene glycol), and in the presence of 1% Pluronic. In this study, 
the aim is to explore the effect of several types of CNTs with different lengths and 
functionalization without the aid of surfactants. To explore their dielectric properties in water (high 
dielectric constant medium), 60% glycerol (low dielectric constant medium) and in TM phantoms. 




discussed. We believe that dispersion properties and concentrations of a material will influence the 
dielectric properties of a medium. 
3.1.1 Short history of CNT 
Iijma first synthesized multi-walled carbon nanotubes (MWNTs) in 1991 using simple arc-
evaporation method [101]. But, CNTs were discovered long before that, in 1952[102]. 
Radushkevich and Lukyanovich, discovered ‘worm-like’ carbon formations. These were 
discovered during their study of the soot formation by the decomposition of carbon monoxide on 
iron particles at 600ºC [103]. Based on characterization techniques, it was concluded that the 
formed product consisted of needle-like carbon crystal with diameters of about 50 nm. In 1976, 
Oberlin, Endo, and Koyama showed hollow carbon fibres with a nanometre-scale diameter using 
a vapor growth method[104]. In 1979, John Abrahmson described carbon nanotubes as carbon 
fibers which were produced as carbon anodes during arc-discharge [105]. In 2006, an editorial was 
written by Marc Monthioux and Vladimir Kuznestov where they described the origin of the carbon 
nanotube [106]. 
Carbon is the chemical element with the atomic number six and has six electrons which occupy 
1s2, 2s2, and 2p2 orbitals. CNTs are curved graphene sheets and graphene sheets are seamless 
cylindrical derived from a honeycomb lattice, representing a single atomic layer of crystalline 
graphite. They are nanometre in diameter and can be as large as several millimetres in length. In 
graphene, carbon atoms are densely organized in a regular sp2 bonded atomic scale pattern, and 
this pattern is the basic structure for fullerenes and CNTs. The binding in carbon nanotubes is sp2, 
Figure 3-1: (a) Single-walled CNT, (b) double-walled carbon nanotubes (DWNT). These nanotubes are made of two 





where each atom is joined with three other neighbours, like that in graphite. Under high pressure, 
nanotubes can merge together, interchanging some sp2 to sp3 bonds. The sp3 bonds give the 
possibility of producing strong length wires through nanotube linking. Depending on how the 
graphene sheets are rolled, the chirality of CNTs can be determined. Different types of chiralities 
are; zig-zag, armchair and chiral. CNTs are characterized by two integer numbers (n, m), which 
describes the chiral vector between two equivalent points on a graphene sheet. Two important 
chiralities are armchair (n, n), where C-C bonds are perpendicular to the tube axis, and zigzag (n, 
0) where C-C bonds are parallel to the tube axis. A nanotube with any other chirality (n, m) is 
called the chiral tube. 
Intrinsic geometry of CNTs greatly influences their properties, particularly the electrical 
conductivity [107]. Depending upon their different structures, CNTs can exhibit metallic or 
semiconducting properties, which is related to their band structure. The band structure tells us the 
relationship between the valence band, the highest filled energy band, the conduction band and, 
the lowest unfilled available energy band. When electrons move into the conduction band, they 
are mobile and generally responsible for the conduction of a material. For example, in metals, the 
valence band overlaps the conduction band and electrons are readily available for conduction, 
making metals conductive. Conversely, for an insulator the band gap is large, hence it has low 
electrical conductivity. The armchair CNTs are always metallic as there are no band gaps in 
between. The conduction and valence band in an armchair CNTs tend to overlap since the Fermi 
level is in the conduction band, this gives armchair CNTs conductive properties. Zigzag nanotubes 
are either metallic or semiconducting in nature. Generally, a natural mix of a CNT will have 1/3 
metallic and 2/3 semiconducting properties [107]. 
CNTs can be divided into three types based on the number of tubes present. Figure 3-1 (a) shows 
single-walled carbon nanotubes (SWNT). SWNTs are made of a single graphene sheet rolled upon 




Figure 3-1 (c), shows multi-walled carbon nanotubes (MWNT). MWNTs consist of multiple layers 
of graphene rolled upon itself with diameters ranging from 2 to 50 nm depending on the number 
of graphene tubes[109]. The inner diameter of MWNTs ranges from 0.4 nm up to a few 
nanometres and the outer ranges from 2 nm to 30 nm. MWNTs can be formed in two structural 
models: Russian doll model and Parchment model. When a carbon nanotube contains another 
nanotube inside it and the outer nanotube has a greater diameter than thinner nanotube, it is called 
the Russian doll model. On the other hand, when a single graphene sheet is wrapped around itself 
continuously, it is called the Parchment model [110]. 
3.1.2 Method of CNT synthesis 
CNTs can be prepared by various methods, such as the arc discharge method, chemical vapor 
deposition, and laser ablation, chemical vapor deposition, and the vapor phase growth method. In 
the arc discharge method, carbon is vaporized into plasma at high temperatures (≥ 3000ºC) 
generated by arcing of a DC current[111]. A voltage of 20−25V is applied to graphite rod 
electrodes that are separated by ∼ 1 mm, typical arc current is ∼ 100A. The chamber is kept at 
high sub-atmospheric pressure (∼ 100−500 Torr) with He gas flow for cooling. The carbon 
vaporizes at the anode and deposits onto the cathode where CNTs form. This is the most efficient 
method for producing large quantities of SWCNTs by weight, with a yield of ∼ 30% by weight 
[101]. 
In the laser ablation method, a target consisting of graphitic carbon and some transitional metal 
such as Co or Ni is vaporized using a laser pulse at high temperatures (1200ºC) inside a tube 
furnace. The vapor is then flushed, using inert Ar, towards the end of the tube which houses a 
water-cooled copper collector tip where CNTs are formed as the vapor condenses. It has been 
shown that this method mostly produces ropes (bundles) of long (∼ 100µm) SWNTs with a 




By varying the growth temperature, the catalyst composition, and other parameters the CNT 
diameter distribution can be varied [112][113]. 
In 1996, a chemical vapor deposition (CVD) method was discovered for nanotube synthesis. 
During this process, a mixture of hydrocarbon gases, acetylene, methane or ethylene, and nitrogen 
gas were introduced in the reaction chamber. During this reaction, nanotubes are formed on the 
substrate by the decomposition of the hydrocarbon. This technique has two major benefits, 
nanotubes can be obtained at much lower temperatures and the catalyst can be deposited over the 
substrate, which will allow the CNTs to adopt a well-organised structure [114][115]. 
A vapor-phase growth method is a modified form of CVD. Inside a reaction chamber, two 
furnaces are placed inside a reaction chamber. The catalyst used in this process is called ferrocene. 
Vaporization of catalytic carbon is maintained at a relatively low temperature in the first furnace. 
Catalytic particles are formed here and when they reach the second furnace, the decomposed 
carbons are absorbed in this catalyst by diffusion where they are converted into CNTs. 
The flame synthesis method is another method of producing CNTs. In this method, hydrocarbon 
flames are used. Gases used in this method are CO, CH4, C2H2, C2H4 and they are a rich source of 
carbon. The reaction is exothermic and chemical energy released in the form of heat in the flame 
sites for the deposition of solid black carbon. The various method of preparation may yield CNTs 
with structural characteristics that might influence their electrical and conductive properties. In the 





3.1.3 Electrical and conductive properties of CNTs 
In this project CNT have been selected because of their extremely high conductivity properties, 
supported by literature and their potential to interact with MW.  
Researchers have demonstrated that CNTs exhibit unique conductive properties. Geometric 
differences such as defects, chirality, different diameters and the degree of crystallinity of the 
tubular structure greatly influence the electronic properties [115][116]. Considering the bonding of 
the carbon atoms in CNTs arranged in a hexagonal lattice, where each carbon atom is covalently 
bonded to three neighbour carbons via sp2 molecular orbitals. Thus, the fourth valence electron 
remains free in each unit, and these free electrons are delocalised over all atoms and contributes 
to the electrical nature of CNTs. Due to which, CNTs can be conducting or semi-conducting 
[117][118]. CNTs due to their electronic nature are used in transistors, as an emitter, sensors, and 
for X-ray generation.   
Individual CNTs can be considered as electrically conducting wire. They are long but extremely 
narrow conductors with diameters in the range of several atomic distances and are hollow. Like 
quantum wires, CNTs show ballistic electron transport i.e. negligible electrical resistivity without 
any scattering [119][120]. Electrons in CNTs can travel over micrometre range distances without 
experiencing scattering at room temperature. Ballistic conduction allows substantial current flow 
with minimal heat generation, which allows the nanotubes to carry enormous amounts of current. 
Caron nanotubes can carry the highest current density, with conductivities measured as high as 




109 A/cm2, whereas copper has a current density of about 107 A/cm2, so nanotubes can carry 
current densities about 100 times that of traditional metal conductors [121]. Advantage of ballistic 
conduction is that the charge carriers can move rapidly through nanotubes under the influence of 
an electric field[122].   
Electronic transport properties of CNTs may be changed by disorders such as structural defects 
formed during synthesis processes or physical distortions, evoked by mechanical forces. Point 
defects such as vacancies, improper location of carbon atoms e.g. deformed structures, 
rearrangement of atoms in a new form, such as the Stone-Wales defect and the presence of doped 
foreign atoms are some of the defects involved with the structure of carbon nanotubes[123] 
[124][125][126]. 
These defects can be categorized into two main groups; i.e. topological defects occurring in the 
structure of the CNTs, compared with the ideal arrangement of atoms, as well as defects that arise 
due to the doping of foreign atoms to the structure of CNTs.  These defects may have undesirable 
influence on the properties of CNTs, such as decrease of mechanical strength of the structure, or 
lowered electrical conductivity.  
 
 





A vacancy defect is a point defect that occurs naturally in the hexagonal lattice of CNTs, in which 
one or several atoms are missing from the structure. Vacancies, as shown in figure 3-3, may be 
formed during the solidification process, because of the vibration of atoms, or by heavy ion 
bombarding and irradiation of high energy beams [127]. Once the atom gets knocked out its lattice 
site, the dangling bonds in the vacant sites would rehybridize to create some new bonds. The three 
free bonds can bridge to form a strained 5- membered pentagonal ring (Fig. 3-3). Vacancies in 
CNT even after rehybridization are energetically unfavourable, hence in many cases, they can split 
into pentagon-heptagon defects as shown in Figure 3-4. This type of defect is also known as the 
Stones-wales defect. 
The Stones-wales defect consists of four adjacent hexagons convert into two pairs of pentagon-
heptagon configuration. As mentioned above, this defect is also known as the pentagon-heptagon 
defect, which occurs naturally after the initial formation of vacancies. 
This defect is created by rotation of C-C bonds by 90º, which results in two pentagons connected 
by a pair of the heptagon. This type of effect is expected to influence the electrical, optical, thermal 
and mechanical properties on CNTs [128].  
Also, doping of foreign atoms can influence the electrical, mechanical and chemical properties of 
CNTs. During the functionalization reaction, many defects are created on the CNT sidewalls. 




Carbon hybridization changes from sp2 to sp3. These effects result in damaging effects on the 
mechanical properties of CNTs. The π electron system gets disrupted, this is detrimental for the 
transport properties of CNTs because defect sites scatter electrons and phonons which are 
responsible for the electrical and thermal conductions of CNTs [129]. Due to the conductive 
nature of CNTs they have been previously tested for MWI purposes, hence it is viable to test them 
further for their use in MWI applications. Dielectric properties of CNTs in different mediums was 
tested. 
3.1.4 Functionalisation of CNTs 
For biomedical applications, the lack of solubility of carbon nanotubes in aqueous media has been 
a major technical barrier [130]. To overcome this problem, the modification of the surface of 
CNTs, such as functionalization is required without hampering its desired physical properties. The 
overall objective of functionalization is to is to increase their solubility or dispersion in 
biocompatible media. Functionalization is carried out by either adsorption, electrostatic interaction 
or covalent bonding of different molecules. Through this modification, the water solubility of 
CNTs can be improved and this could lead to better biocompatibility. Different methods are used 
to improve the dispersive properties of CNTs, such as non- covalent functionalization and 
covalent functionalization[131].  
The end caps of nanotubes are composed of highly curved fullerene-like hemispheres which are 
highly reactive as compared with the side walls. Sidewalls themselves contain defects as mentioned 
above. Chemical functionalization is based on the covalent bond of functional groups onto carbon 
form of CNTs. It is generally performed at the end caps of nanotubes. Direct covalent sidewall 
functionalization is associated with a change of hybridization from sp2 to sp3 and a simultaneous 
loss of the p-conjugation system. Desired groups such as carboxylic, p-aminobenzoic acid, 
fluorine, are attached to the surface or at the ends of CNTs [132][133][134][135]. These functional 




reactions. The advantage of chemical functionalization is that it can be attached covalently with 
polymeric materials and dispersed well in different solvents. The disadvantage of covalent 
functionalization is that the chemical modifications can cause defects within the CNTs. 
Functionalisation of CNTs has been shown to enhance the electrical properties of MWNTs [136]. 
The non-covalent functionalization is based on Van der Waal’s forces. This type of interaction 
does not destroy the conjugated system of the CNTs sidewalls, and therefore it does not affect the 
final structural properties of CNTs. Some common examples of this type of functionalization are 
by the use of surfactants such as polyethylene glycol, sodium dodecyl sulfate, and, dodecyl-benzene 
sodium sulfonate is commonly used to reduce the aggregative tendency of CNTs [137]. 
3.1.5 Bio fate of CNTs and biomedical applications 
The pharmacokinetics and biodistribution of CNTs rely to a considerable extent on their 
physiochemical characteristics such as size, shape, aggregation, chemical composition, surface 
functionalization and solubility [138][139]. SWNTs and MWNTs have already proven their 
potential to serve as effective alternatives to imaging and in drug delivery methods. They can pass 
through membranes, carrying therapeutic drugs, vaccines and nucleic acids deep into the cells 
[140]. Overall, CNTs have shown a very promising future in medicine. In a study carried out by 
Ou et al., they functionalized SWNTs with phospholipids bearing PEG and with integrin αvβ3 to 
modulate the targeting system. Their results showed a successful entry of CNTs in the U87MG 
cells by integrin-mediated endocytosis and there was enough accumulation of CNTs for imaging 
and drug delivery purposes [141]. In a study by Gidcumb et al., CNTs were used for the 
improvement of X-ray imaging. It was shown that utilizing the CNT array field emission x-ray 
source, could increase the spatial resolution and reduce the imaging time. In another study 
targeting properties of MWNTs were improved with functionalization by glucose amine. Covalent 




in vivo. The results indicated higher blood circulation time, late urinary clearance and higher 
accumulation in cancer cells by the non-covalently functionalized CNTs [142]. 
 CNTs represent the most unique inventions in the field of nanotechnology. CNTs are electrically 
conductive in nature, hence we decided to explore their effect on the dielectric properties of the 
medium. The aim of this chapter is to understand the behaviour of several types of CNTs on the 
dielectric properties of different mediums for their potential use as contrast agents for MW 
imaging and sensing[143]. 
3.2 Study objectives 
The aim of this chapter is to explore the dielectric properties of different CNTs in a high and low 
dielectric constant medium and in tissue-mimicking (TM) phantom. The high dielectric constant 
medium used was water; low dielectric constant medium was 60% glycerol and the TM phantom 
used can mimic tumour properties. Since previous findings have suggested that CNTs have the 
potential of enhancing the dielectric properties, we decided to study hydroxylated and non-
hydroxylated CNTs with different lengths and diameters for their potential use as contrast agents. 
Described in this chapter is the structural characterization of CNTs via SEM and Raman 
spectroscopy. Dielectric characterization of CNTs has been carried out in water (high-dielectric 
constant medium), 60% glycerol (low – dielectric constant medium) and, tissue-mimicking (TM) 
phantom at a concentration of 2 mg/mL from 1-4 GHz. 
3.2.1 Aims of the study 
• To characterize the size and the structure of single-walled CNT (SWNT), hydroxylated 
single-walled CNT (SWNT-OH), multi-walled CNT (MWNT), hydroxylated multi-walled 
(MWNT-OH), short-single walled CNT (sSWNT), hydroxylated short-single walled CNT 




• To assess the electronic properties and sample imperfections (defects) of CNTs via Raman 
spectroscopy. 
• To carry out the dielectric characterization of all the CNTs at a concentration of 2 mg/mL 
in RO water, 60% glycerol and tissue-mimicking phantom from 1-4 GHz using the coaxial-
probe method. 
• To study the effect of different concentrations: 2, 1, 0.5 and 0.25 mg/mL of SWNT on 
















3.3.1 CNTs morphology and analysis 
3.3.1.1 Nanoparticle characterisation using SEM 
To understand how length, diameter, and functionalization of CNTs affect the dielectric properties 
of a medium, varied CNTs were studied. SWNTs have been previously studied for MWI purposes 
, however, different structures of CNTs had never been explored before[74]. Therefore, six 
different types of CNTs have been studied in this thesis. The morphology of CNTs was 
characterized using the SEM (Fig. 3-5). Samples were prepared at a concentration of 2 mg/mL for 
measurements and 100µL was pipetted on a glass microscopic slide which was dried using nitrogen 
gas. The glass slide was coated with an electrically conducting layer of gold and then SEM images 
were taken.  
Results suggested that all nanomaterials have a tube/rod-like structure in nature. The short 
nanotubes were confirmed, and aggregation of nanotubes was clearly seen at this concentration. 
In this experiment, no surfactant was used before preparing the dispersions for microscopy. 
SWNT MWNT 
SWNT-OH MWNT-OH sSWNT-OH 
Figure 3-5: The morphology is observed from SEM. SEM images of SWNT (top left with a scale of 600nm), MWNT (top 
middle) and sSWNT (top right), SWNT-OH (bottom left with a scale of 375nm), MWNT-OH (bottom middle), and 
sSWNT-OH. Images were taken at room temperature. SEM images were taken in a vacuum by Hitachi scanning 
electron microscope (S4000 FEG SEM with Oxford Instruments INCA EDX). 
 




Analysis of SEM micrographs confirmed the average diameter tube size of 3.6nm, 3.4 nm, 27.5 
nm, 21 nm, 1.7 nm and 1.2 nm for SWNT-OH, SWNT, MWNT-OH, MWNT, sSWNT-OH, and 
sSWNT respectively. The diameters obtained clearly show the difference between SWNT, 
MWNT, and sSWNT. It was difficult to measure the length of CNTs because they were 
aggregated, however, the diameter of the CNTs obtained agreed with what was stated by the 
manufacturer. 
3.3.1.2 Characterization of CNTs by Raman spectroscopy 
Figure 3-6. shows the Raman spectra of all different CNTs. The Raman spectra of CNTs, shows 
two individuals characteristics peaks.  
One at the Raman shift of 1318cm-1, 1324cm-1, 1322cm-1, 1322 cm-1, 1322 cm-1 and 1322cm-1 for 
SWNT, SWNT-OH, MWNT, MWNT-OH, sSWNT-OH, sSWNT respectively. This shift is 
named as the D-band which is assigned to the disordered graphitic structure of CNTs [144]. The 
Raman shift at 1579 cm-1, 1597 cm-1, 1568 cm-1, 1577cm-1, 1570 cm-1 and 1574 cm-1 for SWNT, 
SWNT-OH, MWNT, MWNT-OH, sSWNT-OH, and sSWNT respectively is named as the G-
band, which is assigned to the C-C bonds in the graphitic plane. The ID/IG ratio of SWNT, 
Figure 3-6: Raman spectra of SWNT-OH (top left), MWNT-OH (top middle), sSWNT-OH (top right), SWNT (bottom 




SWNT-OH, MWNT, MWNT-OH, sSWNT-OH, sSWNT is 0.06, 0.3, 0.64, 0.75, 0.07 and 0.18 
respectively. The lower the ID/IG ratio, the lower the defect concentration. ID/IG ratio, 
Functionalisation of CNTs have higher ID/IG ratio, suggesting that functionalisation has caused 
some level of defects within the structure [145].  The ID/IG ratio is defined as the intensity of 
defect and sp2 clusters. These defects are likely to affect electron transfer and conductivity. On the 
other hand, functionalisation helps the dispersion in aqueous media. Good dispersion is a key 
requirement for accurate measurements of nanomaterials’ dielectric properties. 
3.4 Dielectric properties of CNT suspension at MW frequencies 
3.4.1 Dielectric properties of CNT suspensions in RO water 
CNTs were dispersed in water at 2 mg/mL. The dispersions were sonicated before measurement 











Figure 3-7: (a) dielectric constant, (b) effective conductivity (c) average change in epsilon, and (d) average change in 
sigma of different CNTs in water characterised between 1-4 GHz at a concentration of 2mg/mL in RO water. Each 




Figure 3-7 shows the measured dielectric properties of different types (length and functionalised 
CNTs) of carbon nanotubes at a concentration of 2 mg/mL dispersed in RO water over the 
frequency range of 1-4 GHz. The dielectric constant shows a dependency on the different CNT 
studied and it decreases as the frequency increases.  Dielectric constant of SWNT-OH at 2 mg/mL 
(1 GHz) is 89.58 ± 2.19 with 14.04 % change to water compared with the dielectric constant of 
sSWNT, which has shown the lowest average change of dielectric constant of 3.54 % at a 
frequency of 1.78 GHz.  
Table 3-1: Table showing the dielectric properties of SWNT in water at different concentrations between at 1, 2, 3 and, 
4 GHz. 
 
The maximum average change in dielectric constant for other CNTs at 2 mg/mL is, 10.6%. 
(1GHz), 7.12% (1GHz), 7.61% (1.18GHz) and, 4.04% (1.54GHz) in MWNT-OH, sSWNT OH, 
SWNT and sSWNT respectively. Variability observed with SWNT-OH is possibly due to 
aggregation of the NPs in RO water, which led to sedimentation of the nanotubes. This was also 
observed visually.   
Since SWNTs have been previously explored, it was important to examine the effect of different 

















1 84.16±0.58 0.26±0.001 83.48±0.42 0.22±0.003 82.74±0.42 0.21±0.01 
2 83.32±0.23 0.97±0.016 81.42±0.36 0.90±0.04 80.79±0.23 0.78±0.11 
3 81.97±0.20 2.09±0.02 79.46±0.11 1.98±0.012 77.64±0.45 1.91±0.03 




of SWNTs were prepared in water and dielectric properties were measured. Results tabulated in 
table 3-1, suggest that dielectric constant shows a dependency on the NP concentration. 
Dielectric constant at 2 mg/mL at 1 GHz is 84.16±0.58 compared with 82.74±0.42 in similar 
conditions for 0.5 mg/mL. These results suggest that higher the concentration, higher are the 
dielectric properties.  
 
 
Figure 3-8: (a) dielectric constant, (b) effective conductivity (c) average change in epsilon, and (d) average change in 
sigma of different CNTs at a concentration of 2 mg/mL in 60% glycerol and RO water characterised between 1-4 GHz. 




Figure 3-8 displays the dielectric properties of different CNTs in 60% v/v glycerol in water 
mixture. Overall the dielectric properties are much higher than that of several types CNTs in water. 
The maximum average change in dielectric constant value for SWNT, SWNT-OH, MWNT, 
MWNT-OH, sSWNT and sSWNT-OH is 12.93% (1 GHz), 21.75% (1.06 GHz), 67.79% (4 GHz), 
60.47% (4 GHz), 8.04% (4 GHz) and 7.57% (1 GHz) across the whole frequency range. MWNT-
OH and MWNT shows the largest increase amongst all the other CNTs.  
 
 
It is important to mention, that the strange behaviour which is observed with the inclusion of the 
NPs in 60% glycerol could be because glycerol has glass forming properties[146]. 60% glycerol 
water mixtures have a larger H-bond network, which are disturbed by the inclusion of NPs. As 
seen in Fig. 3-8, with MWNT and MWNT-OH a different behaviour is observed compared with 
other nanomaterials. This can be attributed to the fact, that specific inclusion of these 
Figure 3-9: (a) dielectric constant, (b) effective conductivity (c) average change in epsilon, and (d) average change in 
sigma of different CNTs at a concentration of 2 mg/mL in TM phantom characterised between 1-4 GHz. Each curve 




nanomaterials disturbs the large intact H-bond network, which is more profound in MWNT and 
MWNT-OH.  
Figure 3-9 displays the dielectric properties of different carbon nanotubes in tissue mimicking 
(TM) phantom. TM phantom containing 2 mg/mL of MWNT-OH showed the highest dielectric 
constant, whereas, sSWNT-OH dispersions were found to have the lowest compared with all other 
carbon nanotubes. However, the dielectric constant of all the carbon nanotubes is higher when 
compared with the control (i.e. tissue mimicking phantom). The dielectric constant of MWNT-
OH, MWNT, SWNT-OH, SWNT, sSWNT, sSWNT-OH, is 70.95(±0.82). 66.04(±1.13), 
64.64(±0.33), 63.01(±0.52), 62.85(±0.51) and 60.63(±0.56) respectively at 1GHz compared to 
55.32 (±0.57) of tissue mimicking phantom at similar frequency. MWNT-OH shows the maximum 
average change of 28.26% and sSWNT shows the lowest average change of 9.61% at 1GHz. 
3.5 Discussion 
Pristine CNTs are conductive, therefore several types of CNTs were studied to explore their effect 
on the dielectric properties of different mediums. CNTs have been extensively studied previously 
due to their distinctive dielectric properties. Mashal et al. reported the effect of SWNTs in TM 
phantom where they reported that higher the concentration of SWNT, resulted in higher dielectric 
properties i.e. the dielectric constant at a concentration of 2 mg/mL (3 GHz) was 63.7 compared 
73.0 at 3mg/mL (3 GHz) [74]. Similarly, Lie et al. measured the dielectric properties of PL-PEG 
(phospholipid-PEG) functionalised SWNTs at a concentration of 2mg/mL. Results showed a 10% 
increase in the dielectric constant and 90% increase in the conductivity compared with just PL-
PEG in water. These studies and the conductive nature of CNTs motivated me to study the effect 
of CNTs on the dielectric properties of different mediums for MW imaging and sensing purposes. 
Dielectric properties of several types of CNTs were explored in three different mediums; water 




and TM phantom (phantom prepared to mimic the properties of a tumour consisting of oil and 
gelatin) between a frequency range of 1-4GHz. This frequency range was selected as it is the 
relevant frequency range for microwave tomography studies. 
3.5.1 CNT morphology analysis 
As CNTs may come from commercial sources it was of high importance to characterise them 
before dispersing them in different mediums. Satisfactory agreement was observed between the 
sizes and shape of CNTs obtained via SEM and manufacturers stated size.  Raman spectroscopy 
of SWNTs can provide us with information about the properties of carbon materials such as their 
phonon structure, their electronic structure and sample imperfections i.e. defects. The ID/IG ratio 
obtained for -OH functionalized CNTs compared with non-hydroxylated CNTs is much higher. 
This increase is because the functionalisation of CNTs destroyed their graphitic structure, i.e. 
leading to defects hence an increase in ID/IG ratio is observed. The results show a clear difference 
between hydroxylated and non-hydroxylated CNTs.  
3.5.2 Dielectric analysis 
Dielectric properties of different CNTs were measured to assess the contrast enhancing properties 
in high, low dielectric constant medium and in TM phantoms (phantoms with tumour mimicking 





properties). It is important to mention that desired contrast should be visible in the real part of the 
dielectric constant compared with the imaginary part.  
Increase in the conductivity would increase the dielectric loss, hence being unreliable for imaging 
purposes. Increase in dielectric loss would lead to excessive heating of a tissue due to the amount 
of power absorbed. Hence, the contrast should be visible in the real part of dielectric constant. 
From the dielectric analysis results obtained, it can be concluded that CNTs were better dispersed 
in 60% glycerol medium and in TM phantom (Fig. 3-8 & 3-9), compared to in RO water. 
A TM phantom (Fig. 3-9) is a semi-solid phantom for microwave radar imaging have been 
produced using rubber matrix and varying concentrations of carbon black to increase the electrical 
properties[147] . These phantoms are mechanically strong and electrically stable over time but 
present several challenges[147][148]. First, the error between high water content dielectric tissues 
and their phantoms’ dielectric constant is more significant than that of low water content tissue 
and its respective phantoms. Therefore, oil-in-gelatine phantoms were produced. They had been 
previously suggested by Lazebnik et al., [149]. The advantages of these phantoms are that they 
mimic electrical properties of varying biological tissue at wideband frequency range between 0.5 
GHz – 20 GHz and it is simple to alter the dielectric properties, which remain constant over a 
prolonged period (3 months). NPs will remain dispersed better in TM phantoms compared to 
water solutions. It is important to consider the effect of length of CNTs, different concentrations 
and the effect functionalization has on the dielectric properties in different mediums.  
3.5.3 Effect of length on CNTs on the dielectric properties of mediums 
In the above experiments we considered that all CNTs remain in dispersion while they are assessed 
for their electrical properties. To understand the effect aspect ratio of CNTs has on the dielectric 
properties, it is useful to describe the CNT bonding structure in terms of the electronic structure 




Of the four valence orbitals of the carbon atom (2s, 2px, 2py and 2pz with the z-axis perpendicular 
to the atomic-plane), the s, px and py orbitals are combined into a planar sp2 hybridisation scheme. 
These sp2 orbitals are symmetric with respect to the planar symmetry and hybridise with equivalent 
orbitals on adjacent carbon atoms producing strong, covalent σ/σ∗ bonds that are responsible for 
most of the binding energy and elastic properties of the graphene sheet. The remaining pz orbitals 
are out-of-plane and, for a flat graphene lattice, cannot couple with the σ/σ∗ bonds due to 
symmetry. Interactions between neighbouring pz orbitals, however, are strong creating delocalised 
π/π∗ orbitals which exist in the planes above and below the atomic sheet. The energy of the σ/σ∗ 
bonds lie far from the fermi energy (fermi energy is the kinetic energy of the highest occupied 
state), and therefore contribute little towards conduction. The Fermi energy is located within the 
π/π∗ bands making them the dominant contributor to conduction within the material [63]. The 
conduction band is the band of orbitals that electrons can jump into from the valence band (the 
outermost electron orbital of an atom that electrons occupy) when excited. When electrons are in 
the conduction band, they have enough energy to move freely in the material. This movement is 
responsible for creating an electric current. 
It should be considered that electrons in graphene have a longer mean free path. Mean free path 
is the average length that an electron can travel freely before a potential collision [150]. It can be 
said that electrons in graphene act like photons in their mobility due to their lack of mass. These 
electrons can travel a distance without getting scattered, a phenomenon known as ballistic 
conduction. MWNTs are shown to be ballistic conductors at room temperatures, with mean free 
paths of the order of tens of microns [151].   MWNT-OH in 60% glycerol shows an average 
change in dielectric constant of 67.79% compared with 60.47%, 20%, 12.93%, 7.57% and 4.33% 
of MWNT-OH, SWNT, SWNT-OH, sSWNT and sSWNT-OH respectively. Longer and thicker 
CNTs would ensure a more effective conduction pathway along the nanotubes, hence it can be 




with larger diameter favours more compact structures so that separation between individual tubes 
decreases. MWNTs have larger diameters and are longer compared with SWNTs and sSWNT 
hence provide a longer conduction pathway. This is what is observed with MWNTs in low 
dielectric constant medium (60% glycerol) and in TM phantom compared with other CNTs. 
However, a similar trend is not observed with RO water. This could be because sedimentation and 
flocculation of NPs is much higher in RO water compared with 60% glycerol and TM phantom, 
hence difference in the results is observed. Also, the study carried out to assess the effect different 
concentrations of SWNTs in water has on the dielectric properties and proves that higher the 
concentration higher are the dielectric properties of a medium, although linearity isn’t visible. This 
may be attributed to the resolution of the probe.  
3.5.4 Effect of functionalisation of CNTs on the dielectric properties of a 
medium 
Results obtained in this study suggest that length and the diameter influence the dielectric 
properties of different nanotubes studied. As mentioned earlier, functionalisation of CNTs is 
carried out because agglomeration is a problem associated with CNTs due to weak intermolecular 
forces. The surface of CNTs is hydrophobic in nature, and the aggregation of the particles happens 
because of the hydrophobic nature and weak Van der Waals interactions [152]. Moreover, since 
the nanotubes are not rigid and have very long aspect ratios, entanglement is significant. Therefore, 
functionalisation of CNTs is crucial [153]. Functionalisation of CNTs has the ability of improving 
the dispersion of NPs in different mediums and solvents. Dielectric analysis results obtained in 
this study suggest that hydroxylated CNTs have higher dielectric properties compared with non-
hydroxylated CNTs [154][155].  
Functionalization allows the properties of CNTs to be characterised and studied. CNTs are often 
modified by covalent functionalisation to improve their dispersion in solvents. Covalent 




the CNTs by covalent bonds. Direct covalent sidewall functionalisation is associated with a change 
from sp2 to sp3 hybridization and a simultaneous loss of π conjugation system on graphene layer.  
Tran et al. attached oxygen-containing functional groups (carboxy, carbonyl and hydroxyl groups) 
to the open ends and sidewalls of CNTs to make CNTs dispersible [156]. The functional groups 
on the CNTs, such as carboxyl, carbonyl, hydroxyl and amino group can not only improve the 
dispersion in solvents or polymers but can also act as reactive sites for further chemical 
modification. In recent years hydroxyl-functionalized CNTs have attracted a lot of attention. Chen 
et al.  reported that hydroxyl-functionalised MWNTs were prepared by simple wet-
mechanochemical reaction with potassium hydroxide at room temperature [157]. Kang et al. 
obtained MWNTs modified with hydroxyl group by using sodium zincate as an electrophile 
reagent (Fig. 3-11). Intermediate product 1 is prepared through the reaction between Na2ZnO2 
and MWNTs. The intermediate product 1 was reacted with H2O to produce MWNT-OH [158]. 




Ling et al. obtained MWNTs modified with hydroxyl group by using sodium aluminate (Fig. 3-12). 
Sodium aluminate reacts with MWNTs to produce the intermediate product 1. Intermediate 
products react with water and hydroxylated MWNTs are produced [159]. Hydroxyl groups are rich 
in chemistry and functionalization will change CNTs hydrophobic nature to being hydrophilic 
because of the attachment of polar groups [160]. 
The hydroxyl groups present on CNTs readily form a strong hydrogen bonds with water, allowing 
better dispersion of CNTs in water. Whereas, within the 60% glycerol medium, glycerol forms a 
bridging alkoxy bond through an alcohol group and participates in a lewis acid/base interaction 
between the oxygen atoms of carbon nanotubes, allowing better dispersion of CNTs in 60% 
glycerol compared with water.  
The dispersion properties were found to be higher for hydroxylated CNTs compared with non-
hydroxylated in their respective mediums. Dispersion properties of MWNT-OH, SWNT-OH and 
sSWNT-OH is higher than MWNT, SWNT, sSWNT in water, because hydroxyl groups are 
improving the dispersion properties of the CNTs by forming hydrogen bonds with water. This 
interaction leads to stabilization of the suspension, hence an increase in the dielectric properties is 
observed. So, it can be said that hydroxylation shows better dispersion and dielectric properties in 





all the mediums. However, true dielectric nature of CNTs is seen in 60% glycerol and TM phantom 
because sedimentation and flocculation of the CNTs are greatly reduced compared with water. 
3.6 Conclusion & Summary 
In this chapter dielectric properties of different CNTs were characterized in three different 
mediums. This study showed that multi-walled CNTs have higher dielectric properties compared 
with single-walled CNTs and short-single-walled CNTs because of the longer mean free path and 
effective conduction pathway. Also, functionalization of CNTs improved the dispersion properties 
of CNTs which effectively improved the overall dielectric properties of all the mediums. Maximum 
change in the dielectric properties was observed with MWNT-OH in 60% glycerol and water 
compared with just water and TM phantom. This is because 60% glycerol is a viscous solution and 
can hold the particles dispersed for the duration of the measurement, hence the dispersion of the 
particles is better compared to water. This study shows that the concentration of the CNT also 
has a proportional effect on the resultant dielectric properties of the colloidal suspension. It can 
be concluded that a homogenous dispersion of the NPs is extremely important to conduct 











4 Zinc Oxide NPs as Contrast Enhancing Agents for Microwave 























4.1 Introduction   
At present, a variety of nanoparticle systems are being investigated to explore their potential use 
in molecular imaging for treatment of cancer [161]. Nanoparticles have emerged as powerful tools 
because of their unique physiochemical properties, such as surface area to volume ratio. Iron oxide 
NPs have been applied as contrast agents for MRI and their contrast effects has been improved 
by varying size and composition of nanoparticles [162][163]. Semiconductor nanoparticles such as 
quantum dots (QDs) have been used as fluorescent probes in optical imaging due to their high 
quantum yields. Gold NPs, gold nanorods, and carbon nanotubes  are being used in photoacoustic 
molecular imaging[164][165][166][167]. To date, nanomaterials such as liposomes, micelles have 
also been studied for molecular imaging purposes [168].  In this chapter we are proposing the use 
of zinc oxide (ZnO) NPs which have never been explored before for their potential use for MWI. 
ZnO NPs are semiconducting and exhibit size dependent electrical properties [169]. Sameera et al, 
carried out a study where multi-walled nanotubes (MWNT) were decorated with ZnO by wet 
chemical route to form MWNT/ZnO NPs hybrids to alter the electrical conductivity of the 
MWNT network. Zhang et al. carried out a study where MWNT- reduced graphene oxide (RGO) 
hybrid NPs were decorated with ZnO nanorods to improve the electrical and mechanical 
properties of poly(vinyl chloride) (PVC)/MWNT-RGO composites. Results showed that by 
introducing ZnO nanorods, the RGO-ZnO-MWNT hybrid particles increased 160% in 
capacitance compared with just MWNT-RGO [170]. These studies suggest that ZnO NPs possess 
high electrical conductivity and can be explored as potential contrast agents for MWI.  
Zinc oxide (ZnO) NPs are versatile and have varied applications. ZnO NPs have been researched 
in several biomedical applications such as bio-sensing, anticancer medicine, treatment of skin 
conditions, antimicrobial and anti-bacterial potential [171]. Tu et al., functionalised ZnO 
nanohybrids with a carboxylic group for sensitising the NPs for photo-electrochemical bio-sensing 




implemented ZnO nanoparticles to be a component in graphene and SWNT nanocomposites for 
potential detection of glucose in the presence of oxygen; due to their non-toxicity, electrochemical 
activity and high electron transfer rate[173]. ZnO NPs have a wide range of applications in cancer 
therapy, biosensing, drug/gene delivery, nanomachines that can act as biological mimetic, 
biomaterials for tissue engineering [174]. They also showed inherent preferential cytotoxicity 
against cancer cells. ZnO NPs demonstrate their anticancer activity by inducing ROS generation 
and by inducing apoptosis [175]. Another useful characteristic of ZnO NPs that has been utilized 
for anticancer activity is their electrostatic properties. ZnO NPs exhibit a different type of surface 
charge behaviour, because of the neutral hydroxyl chemisorbed on their surface. The surface 
charge of ZnO particles is dependent on the pH of the aqueous medium, and lower pH, like 
physiological conditions, prompt positive surface charge which would therefore be more likely to 
interact with negatively charged phospholipids attached to the membrane of cancer cells [176].  
ZnO NPs are suitable for opto-electronic applications. They are extensively used in cosmetics such 
as sun creams because they have excellent UV- absorbing properties, paints, and ceramics. ZnO is 
comparatively inexpensive, biocompatible and relatively less toxic compared with other metal 
oxide NPs which further supports it’s applications [177]. In most cases, a highly stable dispersion 
is required. For this reason, a method of producing stable colloidal dispersion of ZnO NPs is 
crucial.   
As we have seen an important parameter in all bioactive nanoparticles is the dispersion and lack 
of aggregation. In a colloidal suspension of nanoparticles; the interaction is dominated by short-
range forces, such as Vaan der Waals attraction and surface charges. To prevent aggregation and 
sedimentation of these particles due to their high surface area, attractive forces between them need 
to be reduced and repulsive forces between them need to be increased to maintain a colloidal 
stability. The quality of dispersion of ZnO NPs were improved by capping with different types of 




6000), cetyltrimethylammonium bromide (cationic), and sodium dodecyl sulfate (anionic) have 
been studied. Study showed that ZnO dispersions stabilized with anionic surfactant sodium 
dodecyl sulfate showed better stability [178]. ZnO NPs have also been modified by 
polymethacrylic acid (PMAA) in aqueous system. The hydroxyl groups present on ZnO surface 
interact with the carboxyl groups of PMAA and form poly (zinc methacrylate) complex on the 
surface of ZnO. It was shown that PMAA enhanced dispersibility of ZnO NPs in water. Polymeric 
adsorption may serve as an effective way of modifying the surface of ZnO NPs and hence 
improving their stability of the suspension against aggregation or flocculation. Previously, 
adsorption of polymers such as poly (vinylpyrrolidone) (PVP), poly (ethylene glycol) (PEG), poly 
(vinyl alcohol) (PVA), poly (acryl amide) (PAM), poly (acrylic acid) (PAA) and poly (ethylene oxide) 
(PEO) on the surface of some metal oxide powders (CeO2, TiO2, Fe3O4 and Al2O3) in aqueous 
suspensions has been investigated [179][180][181]. The adsorption of polymeric additives onto the 
surface of the metal oxides is a combination of chemical and electrostatic interaction, hydrogen 
bonding and van der waals force. However, for non-ionic polymer, hydrogen bonding is the key 
mechanism [182]. 
4.1.1 Polyethylene glycol (PEG) as enhancer of colloidal stability 
PEG is the common abbreviation for polyethylene glycol, which refers to a chemical compound 
of repeating ethylene glycol units. PEG is known to have different molecular weights. For example, 
‘PEG 600’ typically denotes the preparation that includes a mixture of oligomers having an average 
MW of 600 and ‘PEG 10000’ denotes a mixture of PEG molecules having an average MW of 10,000 
g/mol. 
NPs come with a lot of advantages, however, there are some fundamental challenges which needs 
to be addressed. Some challenges include uptake of reticuloendothelial system (RES) in which NPs 
are rapidly shuttled out of circulation to the liver, spleen or bone marrow [183]. Concerns regarding 




entrapment in the liver, lunch or elsewhere in the capillaries [183]. Capping of the NPs with 
hydrophilic groups such as polyethylene glycol (PEG) is a common approach to improve many 
functions, such as in vitro dispersion, in vivo circulation, stability, solubility, biocompatibility and 
to reduce toxicity.  
For solid NPs, such as gold, thiol binding is a classic approach where sulfhydryl-capped PEG chain 
adheres to the gold surface [184]. A common used approach for noncovalent PEGylation is 
coating the hydrophobic NP surface with lipid-PEG conjugates. For example, PEGylated 
phospholipids with linear or branched PEG chain binds to the hydrophobic surface of single-
walled carbon nanotubes in such a way that hydrophilic PEG groups are facing the aqueous 
exterior and provide nanotubes with hydrophilic PEG corona. For the liposomal preparations it 
is feasible to include PEGylated lipids into the lipid mixture or incubate non-PEGylated lipid Nano 
capsules with aqueous micellar solution of PEGylated lipids.  
Various inorganic NPs have been previously explored for their potential use as contrast agents for 
molecular imaging. Semiconductor quantum dots (QDs), offer a broad range of emission spectra 
which covers both the visible and near-infrared wavelengths and have much higher photostability. 
Therefore, QDs have been studied as contrast agents for florescence imaging modalities and can 
be applied for photoacoustic imaging [185]. Superparamagnetic NPs are commercially used as 
contrast agents for MR imaging. Gold NPs can show extinction peaks in the visible regions. Such 
strong extinction peaks originate from the collective oscillations of their conduction electrons in 
the presence of an incident light. Gold NPs with large scattering cross sections are ideal for 
enhancing the contrast in optical imaging (OCT) [186]. They exhibit a photoluminescence 
capability suitable for multi-photon microscopy [187].  
In this paper, we prepare ZnO NPs and ZnO NPs PEGylated with polyethylene glycol at MW  
8000 Da to observe stability and particle size when suspended in aqueous solution. All NPs are 




was also recorded between 1-4 GHz, to observe if any contrast between the background medium 
and the introduced nanoparticle.  Dielectric properties of ZnO and ZnO-PEG (Mw = 8000) have 
been measured at different concentrations to observe any change.  CNT-OH has been used as a 
control for our study to compare the results obtained for SiO2, ZnO and ZnO-PEG.  
4.2 Study objectives 
The aim of this chapter is to explore the effect of some metallic oxide NPs on the dielectric 
properties of a medium. In this chapter we show how the structure of NPs affects its dielectric 
properties and how improving the dispersion of nanomaterials can further enhance the dielectric 
properties of a medium.  
4.2.1 Aims of the study 
• To characterize the structural properties of Zinc oxide (ZnO) NPs, Silicon dioxide (SiO2) 
NPs and ZnO-PEG NPs via SEM. 
• To characterize the stability of the NPs via dynamic light scattering (DLS) and ultraviolet -
visible spectroscopy (UV-Vis). 
• To characterize the dielectric properties of ZnO NPs, ZnO-PEG NPs, CNT-OH 
(hydroxylated single walled nanotubes) and SiO2 NPs at 2, 1, 0.5 and 0.25 mg/mL from 1-
4 GHz in water (high dielectric constant medium). 
• To characterize the dielectric properties of ZnO NPs and ZnO-PEG NPs at 2, 1, 0.5 and 
0.25 mg/mL from 1-4 GHz in 60% glycerol (low dielectric constant medium) and tissue-
mimicking (TM) phantom (phantom mimicking tumour properties) 
• To understand the colloidal stability of ZnO and ZnO-PEG NPs in water over time, at 





4.3.1 Morphology and Stability Analysis 
We have characterized the surface morphology of SiO2, ZnO, and ZnO-PEG by AFM and SEM 
(Fig. 4-1). For SEM analysis 2 mg/mL of each NP in water was prepared and 100 µl of each was 
pipetted on the glass microscopic slide. This was then dried using nitrogen gas and thereafter SEM 
analysis was carried out. For AFM analysis 1 mg/mL of the solution for each NP was prepared in 
water and 100 µl was pipetted on the glass microscopic slide which was dried using nitrogen gas 
and thereafter AFM analysis was carried out.  
 
 






Nanomaterial AFM (nm) SEM (nm) 
SiO2 53.2 ±10.7 14.33 ±12.7 
ZnO 51.58 ± 4.72 59.6 ±3.5 








Figure 4-1: The surface morphology is observed from AFM and SEM. AFM images of SiO2, ZnO and ZnO-PEG. SEM 
images of SiO2, ZnO and ZnO-PEG. Images were taken at room temperature. SEM images were taken in a vacuum 
environment by Hitachi scanning electron microscope (S4000 FEG SEM with Oxford Instruments INCA EDX), while 





Sizes obtained by AFM and SEM have been tabulated in table 4-1. The shape of all the NPs are 
shown to be spherical in nature, although they are highly varied in sizes. Results obtained from 
both imaging techniques agree with each other and both modalities, SEM and AFM confirmed 
that ZnO-PEG are spherical nanoparticles. 
TEM was another technique which could have been used and was a better technique to use, 
however, due to refurbishment issues it was not possible to conduct imaging with TEM. Therefore, 
size measurements were conducted via SEM, AFM and DLS.  
Figure 4-2 (a) shows the Ultraviolet visible spectroscopy (UV-Vis) transmission spectra of ZnO 
and different molecular weight ZnO-PEG NP dispersions. In this experiment all NPs were 
dispersed in dd (double distilled) water.  
Figure 4-2: (a) Effect of PEG on colloidal stability of ZnO NP. Light transmission through ZnO NP and ZnO-PEG 
(MW=8000) in ddH2O, where λ=415nm. n=6 +/-SD, (b) Polydispersity index (PDI) and (c) Hydrodynamic size (nm) of 









Appropriate wavelength was chosen to be 415 nm because at this wavelength ZnO and ZnO-PEG 
NPs were found to be absorbing light hence transmission spectra were generated. 
NPs were suspended in aqueous solution at a concentration of 1mg/mL and serially diluted to 20 
μg/mL. This which was chosen as optimal, because lower concentrations would show increased 
baseline fluctuations and a higher intercept in the correlation function. 
 Measurements were taken at a wavelength of 415 nm. The measurements for different ZnO-PEG 
were taken at an interval of 15 minutes. Results suggest that the transmission of light through 
unmodified ZnO NP dispersion increases rapidly after 30 minutes and continues to increase to 
100 % in most samples within 2 hours, suggesting sedimentation of the ZnO NPs. Also, this was 
observed visually due to the apparent precipitation of the NPs. The sedimentation of the NPs 
decreases with an increase in the size of PEG, suggesting higher the molecular weight of the PEG, 
less is the sedimentation of the NPs. ZnO-PEG showed an initial transmission of 75 %, and they 
were found to have a similar transmission over a 4-hour period; suggesting dispersion of ZnO 
NPs is better and stable after PEGylation (Fig. 4-2). UV-Vis measurements for SiO2 were taken in 
similar conditions. Transmission of light increased rapidly after 30 minutes from 82% to 95% and 
remained at 95% till 240 min time point.   
Dynamic light scattering measurements (DLS) (Fig. 4-2 (b) and (c)) of ZnO and ZnO-PEG in 
solution were carried out to characterise the intensity weighted Z-average size and polydispersity 
index (PDI). For DLS measurements, 20 µg/mL of ZnO and ZnO-PEG NP suspension was used. 
20 µg/mL was chosen as the optimal concentration, because lower concentrations would show 
increased baseline fluctuations and a higher intercept in the correlation function For DLS 
measurements, the mean particle size is very specific to light scattering and to the presence of NP 
aggregates. Values of PDI ranges from 0 to 1; a PDI value smaller than 0.1 shows the sample is 
nearly monodisperse, while a PDI equal to 1 indicates the sample has a large variation in particle 




However, the PDI for ZnO NPs increases from 0.2 to 0.95 within the measurement period. High 
PDI suggests a broad distribution of particle sizes and presence of large aggregates. The Z-average 
size of ZnO increases from 240 nm to 400 nm compared to ZnO-PEG which has a constant size 
of 210 nm throughout 240 minute.  This suggests that aggregation of the ZnO NPs is reduced 
after the PEGylation process and the particles were stable. 
4.4 Dielectric properties of nanoparticle suspensions in water 
Figure 4-3 shows the measured dielectric properties of single-walled carbon nanotubes 
functionalised with hydroxyl group (SWNT-OH) dispersed in RO water. The dielectric constant 
shows a dependency on the concentration of NPs in the material under test (MUT). The variation 
of measurements at 2 mg/mL (max σstd = ±2.47) is considerably higher compared to lower 
concentrations, which may be due to the instability of the NPs at higher concentrations.  
Figure 4-3: Averaged dielectric constant of colloidal dispersions of (a) CNT-OH in RO water, (b) SiO2 with 1 % Pluronic, 
ZnO with 1 % Pluronic, and (d) ZnO-PEG in RO water characterised between 1-4 GHz. The control is the dispersant 





SWNT-OH has been used as a control in this study because it has been studied extensively 
previously for MWI purposes. Since the materials selected were being tested for the first time, it 
was important for us to compare our results with a material which has already been studied before. 
Since, CNTs have been studied previously, it gives us an indication of what we should be expecting 
with the contrast agents we are proposing for the first time in this study. 
Figure 4-3 displays the dielectric constant of silicon dioxide dispersed in RO water with 1 % (v/v 
%) Pluronic surfactant at different concentrations. Pluronic-F127 is a non-ionic triblock 
copolymer composed of a central hydrophobic chain of polyoxypropylene with two hydrophilic 
chains of polyoxyethylene. Pluronic is known to have high solubility in water. The surfactant was 
used to improve the dispersion of NPs in water. The maximum dielectric constant value is 80.91 
(f = 1.27 GHz), 81.18 (f = 1.12 GHz), 81.27 (f = 1.12 GHz), 81.26 (f = 1.12 GHz), in descending 
order of SiO2 concentration. The maximum value of 1% Pluronic in water is 80.3 recorded at 1.33 
GHz. The average change of dielectric constant with respect to the background is less than 1.5 % 
below 2 GHz.  
Figures 4-3 & 4-4 show the dielectric constant and effective conductivity properties of zinc oxide 
NPs in frequency range of 1 to 4 GHz. Dielectric constant of ZnO at 2 mg/mL at 1 GHz is 81.28 
± 0.24 with 0.73 % change to water compared to 80.95 ± 0.01 with 0.32 % change of the 0.25 
mg/mL concentration. Therefore, the concentration dependence of NPs is visible.  
Figure 4-3 (d) shows the dielectric constant of ZnO-PEG NPs. It is evident that increase in the 
ZnO-PEG concentration is directly proportional to the increase in the dielectric constant over the 
whole frequency range. The maximum average change of dielectric constant of ZnO NPs at 2, 1, 






The maximum average change of dielectric constant of PEGylated zinc oxide NPs (Fig. 4.5) at 2, 
1, 0.5, and 0.25 mg/mL is 6.80 %, 6.03 %, 4.14 % and 4.00 % accordingly, over the whole 







Figure 4-4: Averaged effective conductivity of colloidal dispersions of (a) CNT-OH in RO water, (b) SiO2 with 1 % 
Pluronic, (c) ZnO with 1 % Pluronic, and (d) ZnO-PEG in RO water characterised between 1–GHz. The control is the 
dispersant used for each NP. Each curve represents the average of three different samples (n=3+/-SD). 
 
Figure 4-5: Average change of the dielectric constant of colloidal dispersions of (a) CNT-OH and b) ZnO-PEG in 




Figure 4-6 shows the average change in the effective conductivity of ZnO-PEG and CNT-OH in 
RO water from 1-4 GHz. At 2mg/mL CNT-OH shows the maximum average change of 42.63% 










Figure 4-6: Average change of the effective conductivity of colloidal dispersions of (a) CNT-OH and b) ZnO-PEG in 




4.5 Dielectric properties of ZnO and ZnO PEG colloidal 
dispersions at different concentrations in 60% glycerol and in 
TM phantom 
4.5.1 Dielectric properties of ZnO colloidal dispersion at different 
concentrations in 60% glycerol 
Figure 4-7 shows the measured dielectric properties of ZnO NPs dispersed in 60% glycerol which 
is used as low dielectric constant medium. The dielectric constant shows a dependency on the 












The maximum dielectric constant value is 59.6, 59.57, 59.54 and 59.546 at 1 GHz, in descending 




































Figure 4-8: (a) dielectric constant, (b) effective conductivity, (c) average percent change in epsilon and d) average 
percent change in sigma of ZnO NP colloidal dispersion at different concentrations in 60% glycerol characterised 





average change of dielectric constant is 5.36, 5.302, 5.28, and 5.279 for 2, 1, 0.5 and 0.25mg/mL 
at 1 GHz (Fig 4.7 (c)). The maximum average change of dielectric constant is 19.32, 16.26, 14.61 
and, 13.63 at 4 GHz in descending order of ZnO concentration whereas the maximum average 
change effective conductivity was 4.5% at 1 GHz for 1 mg/mL of ZnO colloidal suspension.  
A change in concentration does not seem to have a big effect on the dielectric properties as seen 
by the results above. This may be because a very small concentration is needed to observe a desired 
dielectric property change. Also, because the dispersion properties of nanomaterials are enhanced 
in 60% glycerol, therefore, a small amount of nanomaterial is enough to observe the desired results 













4.5.2 Dielectric properties of ZnO-PEG colloidal dispersion at different 
concentrations in 60% glycerol 
Figure 4.8 shows the dielectric properties of ZnO-PEG in 60% glycerol. The dielectric constant 
shows a dependency on the concentration and the dielectric constant is improved further in 60% 
glycerol after ZnO has been PEGylated.  
 
The maximum average change in dielectric constant is 29.44, 24.85, 22.68 and, 20.86 at 2mg/mL, 
1mg/mL, 0.5mg/mL and, 0.25mg/mL respectively at 4 GHz. The minimum average change 
observed for ZnO-PEG in 60% glycerol is higher than water. 10.25, 9.48, 8.83, and 8.81 is the 








Figure 4-8: (a) dielectric constant, (b) effective conductivity, (c) average percent change in epsilon and d) average 
percent change in sigma of ZnO-PEG NP colloidal dispersion at different concentrations in 60% glycerol characterised 



































4.5.3 Dielectric properties of ZnO and ZnO-PEG colloidal dispersions in 
TM phantom 
The effect of 2 mg/mL of ZnO and ZnO-PEG in tissue mimicking (TM) phantom was studied, 
since 2 mg/mL showed the maximum change in dielectric properties for ZnO and ZnO-PEG 
colloidal suspensions in water and in 60% glycerol.  
 
There was a clear increase in the dielectric properties between ZnO and ZnO-PEG. ZnO showed 
an average change in dielectric constant of 11.27% compared with 4.4% change of dielectric 
constant at 1 GHz. The maximum average change in dielectric constant across the whole frequency 
range was 11.27% (Fig. 4-9). There was ~ 7% increase in the average change dielectric constant 















































Figure 4-9: (a) dielectric constant, (b) effective conductivity, (c) average change in dielectric constant and d) average 
change in sigma of ZnO and ZnO-PEG colloidal dispersion at 2mg/mL in TM phantom characterised between 1-4 GHz. 





4.6 Dielectric properties of nanomaterials in water at a higher 
frequency range 
 
Table 4-2: Dielectric properties of ZnO (1% Pluronic), ZnO-PEG (RO H2O), SiO2 (1% Pluronic), and CNT- OH (RO 
H2O) between the frequency range of 5–10 GHz. 
Frequency 
(GHz) 
ZnO (1% pluronic) ZnO-PEG (RO water) SiO2 (1% pluronic) CNT-OH(RO water) 
5 74.44 0.54 78.90 6.56 74.41 0.50 80.85 9.20 
6 72.04 0.17 76.06 5.76 70.89 -1.43 78.26 8.82 
7 70.72 1.39 74.05 6.16 68.41 -1.92 76.10 9.10 
10 63.06 2.31 65.86 6.88 60.86 -1.23 67.59 9.68 
 
Dielectric properties of colloidal dispersions presented in this study at frequency range from 5-10 
GHz (Table 4-2). The purpose for characterising the dielectric properties at high frequencies was 
to identify if the dielectric contrast observed at low frequencies, is observed at high frequencies, 
and to what effect. Also, microwave radar imaging methods rely on higher frequencies, therefore 
potentially opening another viable application. We observed that as the frequency increases, the 
dielectric constant decreases and the dielectric loss becomes much more dominant, as seen by our 
results above. Regarding ZnO colloidal suspension, we observe that across a wide frequency range, 
the average change remains to be ~2%, which is what we observed at lower frequency range, and 
SiO2 remains to have similar dielectric properties to that of water with 1% Pluronic as observed at 
lower frequency range. With regards to ZnO-PEG the overall average change remains to be ~6% 
and has slightly changed depending on the frequency points. However, the results are like that of 
lower frequency range. Average change for CNT-OH across the large frequency range remains to 




4.7 Dielectric properties of ZnO and ZnO-PEG colloidal 
suspensions at different probe positions at different time 
intervals 
To understand how the stability of the colloid’s effects dielectric properties, measurements were 
taken at different positions in the sample (Fig. 4.10 – Fig 4.13).  
We performed measurements immediately after preparation of samples to guarantee that the ZnO 
NPs and ZnO-PEG (Mw = 8000) NPs at a concentration of 2mg/mL are still dispersed in the 
aqueous medium for the duration of the measurement. Furthermore, we took a measurement after 







Figure 4-10: Dielectric properties of ZnO NPs at a concentration of 2 mg/mL in RO water with 1% Pluronic at three 
different probe positions from frequency range of 1-4 GHz at t = 0. Each curve represents the average of three different 
samples (n=3+/- SD). 
Figure 4-11: Dielectric properties of ZnO NPs at a concentration of 2 mg/mL in RO water with 1% Pluronic at three 
different probe positions from frequency range of 1-4GHz at t = 25mins. Each curve represents the average of three 











The samples height is 20 mm, and the probe is lowered by 5.5 mm for different positions. We 
selected three axial positions to immerse the probe prior to taking the measurement. Probe 
position 1 is immersed 5 mm into the sample; probe position 2 was immersed 10.5 mm into the 
sample, and probe position 3 was immersed 16.5mm into the sample.  
 
 
The maximum average change of ZnO-PEG NPs at position 1, position 2 and position 3 at t=0 
was 6.28%, 6.31% and 6.38% respectively. After 25 min, maximum average change was 6.44%, 
Figure 4-12: Dielectric properties of ZnO-PEG NPs at a concentration of 2 mg/mL in RO water at three different probe 
positions from frequency range of 1-4GHz at t = 0. Each curve represents the average of three different samples (n=3+/- 
SD). 
Figure 4-13: Dielectric properties of ZnO-PEG NPs at a concentration of 2 mg/mL in RO water at three different probe 





6.49% and 6.45% at position 1, 2 and 3 respectively. The average change over time shows 
insignificant change for all probe positions. This highlights that the modified particles dispersed 
in RO water are stable over this period, as well as portraying similar contrast. 
The maximum average change observed for ZnO NPs at t = 0 was 1.61%, 1.42% and 1.62% at 
position 1, 2 and 3 respectively. However, average change slightly dropped to 1.4%, 1.22% and 
1.02% after 25 mins. Slight drop in the average change can be assigned to the fact that these 
particles have started to aggregate and hence have started to sediment. 
4.8 Discussion  
4.8.1 Morphology and stability analysis 
Dispersion is a process by which agglomerated particles separate from each other by forming a 
new interface, between an inner surface of the liquid dispersion medium and the surface of the 
particles to be dispersed. Particles tend to behave differently when in their natural state compared 
to solutions [179].  
Satisfactory agreement is shown between the size as well as the shape of AFM and SEM 
morphology characterisation for ZnO, SiO2 and ZnO-PEG. ZnO-PEG has much larger size 
compared with ZnO, suggesting PEGylation has been effective. The shape of all the nanoparticles 
are represented as spherical in SEM and AFM. 
Hydrodynamic size produced from the DLS differs greatly from the AFM and SEM particle size. 
By using this technique, we were able to measure the size of the NPs when dispersed in a solution. 
Hydrodynamic size is an intensity weighted mean particle diameter, which is relevant to scattering 
of light and is sensitive to large aggregates, due to its inherent intensity weighting and dependency 
on viscosity and temperature. It presents the size of a spherical particle that has equal diffusion as 




conformation of the PEG attached. Large PEG chains, such as the ones used in this study may be 
described by the Flory radius equation (1), F is the Flory radius, α is the length of a single monomer 
repeat and n (n = (MW)/44) is the number of monomers on the PEG chain itself ; the Flory radius 
for PEG 8000 is 79.4 nm[188].  
𝐹 =  𝑎𝑛3/5                                                                                                         (Equation 1) 
The distance between the NP surface and the PEG may induce a brush or mushroom 
conformation [189]. If F is smaller than the distance between the surface and the PEG chain, then 
a mushroom conformation occurs, however if F is larger than the surface density then it would 
lead to a brush conformation. The ionic concentration of the samples was minimal, therefore the 
electrical Debye length (κ (−1)) around the particle would be extended, reducing the diffusion speed, 
hence a larger hydrodynamic size would be present. 
4.8.2 Dielectric analysis 
We have measured the dielectric properties of selected nanomaterials to assess contrast enhancing 
properties in high dielectric constant media. The desired contrast should be visible in the real part 
of the complex dielectric constant rather than the imaginary part. Microwave reflection 
measurements (S11) using the coaxial probe are susceptible to systematic errors, which causes the 
jitter in the frequency dispersion, especially at low frequencies. To minimize this error, repeated 
calibrations were performed and observation of the polar plot for each calibration standard was 
inspected as a confidence check. Moreover, the contrast observed must be larger than the stated 
2 % error of the probe [87]. Dielectric properties were measured between 1-4 GHz. This range 
was chosen as it is the relevant frequency range for microwave tomography studies [190]. 
Generally, the complex dielectric constant may depend on temperature as well as frequency and 
increase in the temperature of water will increase the loss index and therefore decrease dielectric 




The measurements of the dielectric properties of colloidal dispersions could be influenced by 
aggregation and precipitation phenomena. The probe’s stated sensing depth is 5 mm; however, the 
actual sensing volume is experimentally much smaller. 90 % of the overall dielectric property of a 
mixture is dependent on the initial 500 μm from the tip of the probe length [192]. The overall 
dielectric property of an MUT is considered as a ratio of the composition of that sample within 
the measurement region and doesn’t behave such that the resultant dielectric value is an average 
of the whole volume. Also, the probe assumes the sample is isotropic and non-magnetic. 
Therefore, homogenous dispersion of contrast agents in the background medium is crucial for 
reliable electrical differences. 
4.8.3 Evaluation of NP colloidal dispersions (I) 
Previously CNTs have been extensively explored as potential contrast agents for MWI due to their 
distinctive electrical and conductive properties. The purpose of measuring CNTs was to use them 
as a control since they have been previously suggested as effective contrast agents for MWI 
[73][74]. Results obtained for CNT-OH correlate positively with previously reported data. It’s 
important to note that OH functionalized CNTs showed an average change of 10.61 % increase 
in the real component at 2 mg/mL at 1 GHz, which is comparable with previously reported (CNTs 
stabilised with biocompatible PL-PEG) 10 % increase in the dielectric constant and 90 % increase 
in conductivity at similar conditions[193]. However, we only observed an increase of 42.63 % in 
the conductivity, like what was observed in [76]. 
Carbon atoms in a CNT structure are known to be arranged in a hexagonal lattice, where each 
carbon atom is covalently bonded to three neighbouring carbons via sp2 molecular orbitals. The 
fourth valence electron remains empty and delocalized, hence making CNTs conductive in nature 
[194]. CNTs have been reported to have a high aspect ratio, which has been stated to increase the 
dielectric constant due to the presence of a large dipole moment [79]. When an alternating electric 




leads to a torque acting on the polar -OH bond. The torque prompts the nanotubes to orient along 
the electric field, hence an increase in the dielectric constant is observed [195][196]. However, 
biocompatibility of CNTs is in question, which further motivated us to study other nanomaterials 
for their potential as contrast agents for MWI. CNTs may have adverse effects on human health, 
especially in human pulmonary system [197]. It is understood that surface modifications are 
important to minimise CNT toxicity [198]. 
The suspension of silicon dioxide NPs in water shows a negligible change in the dielectric constant 
over the whole frequency range compared to zinc oxide NPs and CNT-OH. Silicon dioxide is not 
conductive and has no net dipole due to its crystalline structure. Silicon dioxide has a tetrahedral 
arrangement of four sp3 hybrid orbitals. In a silicon-oxygen tetrahedra, each silicon atom is 
surrounded by four oxygen atoms. The individual Si-O bonds are very polar but there are four Si-
O bond which cancels each other out, hence there is no net dipole effect. 
One of the key features of ZnO NPs is their low toxicity and biodegradability. It is involved in 
various aspects of metabolism. Numerous studies have shown the biocompatibility and biosafety 
of ZnO nanostructures when applied in biological applications [199][200]. We propose the 
increase in the dielectric constant perceived with the presence of ZnO NPs is because they are 
known to have a wide band gap energy (3.4 eV), large exciton binding energies (60 meV), and they 
have a structure of alternating planes composed of tetrahedral coordinated O2− and Zn2+ ions 
[201]. This results in non-central symmetric structure and consequently piezoelectric and pyro-
electric behaviour [202][203]]. Zinc oxide has polar surfaces at the positive Zn-(0001) and the 
negative O-(0001) surfaces, resulting in a normal dipole moment [180][204]. The opposing charged 
ions produce a polar surface, which leads to the formation of a dipole moment and spontaneous 
polarisation when an electric field is applied, hence increase in the dielectric constant with ZnO 
NPs is seen at lower frequencies. However, at higher frequencies, dipoles tend to freeze with no 




4.8.4 Impact of PEGylation on dielectric constant 
Colloidal solutions tend to lower their stability because of particle size and free surface energy 
[205]. Nanoparticles stabilise themselves either by sorption of molecules from their surroundings 
or by lowering their surface area through coagulation and agglomeration [206]. 
Homogenous solution was obtained at lower concentrations; however, particles were still un-stable 
and higher concentrations caused sedimentation. Since, ZnO NPs showed a potential increase in 
the dielectric constant hence, they were PEGylated to further improve their stability in the solution 
and to confirm the effect dispersion has on the dielectric properties. 
Polyethylene glycol (PEG) is a chemically inert molecule of varying lengths, making it a good 
dispersant in water[207]. PEGylation provides hydrophilicity to the nanoparticles by making them 
water dispersible. PEG macromolecules adsorb to the solid surface via the hydroxyl groups present 
on the ZnO NPs through hydrogen bonding. The total amount of adsorbed polymer is higher 
with higher molecular weight PEG because of greater loop and tail segments at the interface, which 
will increase the thickness of the adsorption layer.  
PEG can be attached onto the surface of nanoparticles via adsorption; hydrophobic interactions, 
through the formation of covalent bonds or hydrogen bonding [208]. PEG is adsorbed onto the 
ZnO particle surface and then attains the adsorption plateau. The total amount of PEG adsorbed 
is larger for larger molecular weights due to greater participation of loop and tail segment at the 
surface. The type (-ZnOH+2, -ZnOH, -ZnO−) and number of surface groups on ZnO NPs may 
determine the extent of polymer adsorption [209]. The dispersion of ZnO NPs was improved after 
PEGylation as shown by the UV-Vis and by DLS. Dielectric properties of ZnO NPs was further 
improved after PEGylation, suggesting the importance of a homogenous and a stable solution. 




dielectric constant. This might be because a minimum nanomaterial concentration is required to 
provide a significant contrast, below which dielectric probe measurements are not reliable.  
PEG has been used to modify the surface properties of ceramic materials to improve the dielectric 
properties of the composites. Zhu et al. reported that the dielectric properties of PEG modified 
Fe2O3 composites have much higher dielectric constant [210]. PEG is also known as 
polyoxyethylene and is commonly expressed as H−(O−CH2−CH2) n−OH. Since, the dielectric 
properties of PEG-ZnO were higher than basic ZnO, this can be because of the contribution of 
oxyethylene chain towards the total dipole moment. Similar behaviour is observed with diethyl 
carbitol. Diethyl carbitol has no -OH groups present, but the high dielectric constant observed is 
because of the oxyethylene chain it possesses [211]. With PEG, high dielectric constant can be 
attributed to end -OH groups and flexible oxyethylene chain.  
Our dielectric spectroscopy results in Figure. 3-4 and 3-5 do not suggest a linear dependence 
between the dielectric properties of NPs in liquid solutions with their concentrations in water. This 
may be due to following reasons: at low concentrations, the effect of NPs may be very low to be 
distinguishable within the error of the probe measurement. For example, the dielectric properties 
of CNT-OH dispersions for 0.25 and 0.5 mg/mL concentrations in Fig. 3-4(a) almost overlaps 
the control, suggesting a variability that is very difficult to measure accurately with the probe. On 
the other hand, plots for the same concentrations of ZnO-PEG in Fig. 3-4(d), are quite distinct 
from the control, but are still under 5% difference. The almost perfect overlap of these curves 
merits further investigation. At higher concentrations, dispersion of the NPs in the liquids may be 
less effective as their concentration increases, hence it is possible that a concentration increase 
from 0.5 to 1.0 mg/mL has a stronger impact on the dielectric properties of the liquid solution 




4.8.5 Evaluation of NP colloidal dispersion (II) 
Dielectric contrast measured for ZnO and ZnO-PEG colloidal suspensions in 60% glycerol were 
comparatively much higher than in RO water.  Glycerol has a high ability to solubilize both organic 
and inorganic polar compounds. It also has high polarity, long relaxation time, high loss tangent 
value and high acoustic impedance which makes it appropriated to be used under microwave and 
ultrasound irradiation conditions [212]. ZnO NPs tend to agglomerate due to high surface 
energies, this presents an obstacle for the use of ZnO NPs in various applications. Studies have 
been carried out where ZnO NPs have been successfully synthesized in various polyol medias such 
as ethylene glycol or glycerol. The polyol media will serve both as a solvent and stabilizing agent 
for the NPs. This study showed that ZnO NPs synthesized without glycerol were much larger 
compared with NPs which were synthesized with glycerol stabilizer. When the concentration of 
zinc ions and OH- ions increases without a stabilizer, supersaturated ZnO nuclei would more 
easily aggregate, growing larger [213]. Glycerol has three hydroxyl groups present, with which the 
zinc ions could interact to form a zinc-glycerol complex, hence stabilizing the NPs and eventually 
improving the dispersion properties of the NPs [214][215].  
Dielectric contrast of ZnO-PEG colloidal dispersions in 60% glycerol was much higher than in 
RO water. As we have already seen and discussed that PEG molecules can stabilize ZnO NPs. 
Dielectric properties are further enhanced for ZnO-PEG in 60% glycerol because of the hydrogen 
bonding interaction between hydroxyl groups present on the PEG molecule and three hydroxyl 
groups present within the glycerol. This interaction promotes stabilization of ZnO-PEG NPs in 
the medium hence an increase in dielectric properties is observed. Also, the -OH groups present 
on the glycerol, -OH groups of the PEG molecule, the flexible oxyethylene chain of PEG and the 
dipole present within ZnO could be going through dipolar polarisation. 
ZnO NPs and ZnO-PEG NPs were further tested in oil-in-gelatin TM phantoms. TM phantom 




indicated that the average change of dielectric constant for ZnO-PEG NPs was 11.27%  compared 
with basic ZnO NPs which was 4.4%. The average change of dielectric constant of ZnO-PEG in 
TM phantom was similar to when the NPs were dispersed in 60% glycerol. These results suggest 
that attaining a homogenous solution is crucial. Particle stability is better in TM phantom 
compared with water due to the less Brownian motion of the NPs. Furthermore, the -OH groups 
of the PEG chain can be the contributing factor towards the dipole moment [216][217]. 
4.9  Conclusion & Summary 
The dielectric properties of modified ZnO nanomaterials were assessed in a frequency range 
between 1–4 GHz. We have demonstrated that zinc oxide NPs have the potential of producing a 
difference within the dielectric properties when dispersed in high dielectric constant medium i.e. 
water. It is possible that this difference is observed with zinc oxide NPs because of the 
nanomaterial’s polar surfaces. We could see an increase within the dielectric properties of ZnO in 
water after they had been PEGylated because of colloidal stability. The concentration of NPs 
effects the dielectric properties of the medium, however the linearity of concentration is dependent 
on the resolution of the measurement technique. We also showed that ZnO-PEG NPs showed a 
potential increase in the dielectric properties within a low dielectric constant medium and in TM 
phantom. These results suggest that ZnO NPs are promising candidates as contrast agents for 































5.1 Introduction  
Iron oxide NPs have attracted a lot of attention in nanomedicine due to their unique properties 
such as being superparamagnetic, tuneable surface-to-volume ratio, large surface area and easy 
preparation and separation methodology [218]. Iron and oxygen chemically combine to form iron 
oxides (compounds), and there are ~16 identified iron oxides [219]. Iron (III) oxide is found in 
the form of rust. The three most common forms of iron oxides in nature are magnetite (Fe3O4), 
maghemite (γ-Fe2O3), and hematite (α-Fe2O3). Hematite is also known as ferric oxide. Magnetite 
is also known as black iron oxide and exhibits the strongest magnetism. The magnetism in 
materials arises from the magnetic moment of electrons [220]. 
The iron oxide nanocrystal with controllable size and shape have attracted the interest of many 
researchers because of their microwave absorption properties. The large surface area of 
nanocrystals has several dangling bonds which increase the interfacial polarisation and multiple 
scattering to improve microwave absorption [221][222]. Liu et al., showed that a large surface area 
and shape of polycrystalline Fe3O4 contributed significantly to enhance the microwave absorption 
properties. 
Bucci et al. studied the potential use of magnetic NPs (MNPs)as contrast agents, and their work 
has been discussed in chapter 1. In these studies it was proposed that contrast enhanced MWI can 
be achieved by exploiting MNPs to induce a magnetic contrast localized in a tumour, due to non-
magnetic behaviour of human body[84][223][81]. MNPs are already approved as a contrast agent 
for MRI and magnetic hyperthermia. There are three main types of hyperthermia: A) local 
hyperthermia, B) regional hyperthermia, and C) whole-body hyperthermia. In a whole-body 
hyperthermia, the entire body is heated up, but this can lead to major side effects given the fact 
that heating is not selective. Regional hyperthermia is used to deliver heat to advanced stage 
tumours. For regional hyperthermia, applicators such as microwave antenna are used for regional 




emitting high energy microwaves, radio waves or ultrasound. Innovative technology where MNPs 
have been proposed to mediate heat, are called magnetic fluid hyperthermia (MFH)[224]. MFH 
consists of a colloidal suspension of MNPs, which is injected into a tumor. A Magnetic field is 
applied, which will cause the NPs to heat up and eventually kill cancer cells. MNPs in comparison 
with other metal oxides are superior in terms of biocompatibility and stability[225]. Due to many 
advantages MNPs possess, we decided to explore them further for their potential use as contrast 
agents for MWI. 
Several methods like thermal decomposition, co-precipitation, sol-gel, microemulsion, hydro-
thermal, sonochemical, microwave, electrochemical and biosynthesis were evolved to synthesize 
iron oxide NPs [226]. However, the relationship between size, shape, and magnetism in iron oxide 
NPs play a very important role in exhibiting their properties. Fe2O3 and Fe3O4 NPs display 
different ferrimagnetism at room temperature. Iron oxide NPs tend to lose their dispersion due to 
aggregation of particles and their magnetism gets diminished due to oxidation with air. Many 
approaches have been used to chemically stabilize these NPs, such as the use of a surfactant or 
chemical functionalization of MNPs to overcome physicochemical issues and promote 
biocompatibility and targeting. 
5.1.1 Structure of iron oxide NPs used in biomedicine 
The crystal structure of the three iron oxides can be described in terms of close-packed planes of 
oxygen anions with iron cations in octahedral or tetrahedral interstitial sites.  
Figure 5-1: Crystal structure of magnetite [16]. The black spheres represent Fe2+, the green spheres represents Fe3+ and, 





Within the hematite, oxygen ions are in a hexagonal close-packed arrangement, with Fe(III) ions 
in the octahedral sites. In magnetite and maghemite, the oxygen ions are in a cubic close-packed 
arrangement. Magnetite is a mixed Fe2+and Fe3+ oxide in a ratio of 1:2. It has an inverse spinel 
structure with Fe (III) ions distributed randomly between octahedral and tetrahedral sites, and 
Fe(II) ions in octahedral sites [227]. 
The crystal structure of the three iron oxides can be described in terms of close-packed planes of 
oxygen anions with iron cations in octahedral or tetrahedral interstitial sites. Within the hematite, 
oxygen ions are in a hexagonal close-packed arrangement, with Fe(III) ions in the octahedral sites. 
In magnetite and maghemite, the oxygen ions are in a cubic close-packed arrangement. Magnetite 
is a mixed Fe2+and Fe3+ oxide in a ratio of 1:2. It has an inverse spinel structure with Fe(III) ions 
distributed randomly between octahedral and tetrahedral sites, and Fe(II) ions in octahedral sites 
[227]. 
Maghemite has a spinel structure which is like that of magnetite but with vacancies in the cation 
sublattice. Spinal ferrites possess the crystal structure of the natural spinel AB2O4, first determined 
by Bragg et al.,[228]. In the spinel structure of general formula AB2O4 there are twice as many 
octahedral (B) sites as tetrahedral (A) sites. If M2+ (metal ion) occupies only the A sites, the spinel 
is normal; and if it occupies only the B sites, the spinel is inverse[229]. A and B are tetrahedrally 
and octahedrally coordinated cations and O is the anion, respectively. Two-thirds of the sites are 
filled with Fe(III) ions arranged regularly, with two filled sites being followed by one vacant site 
[219]. 
Magnetite NPs (Fe3O4) has a face cantered cubic spinel structure on 32 O
2-ions and close-packed 
along the [111] direction. Fe3O4 differs from other iron oxides because it contains both divalent 
and trivalent iron. Fe3O4 has a cubic inverse spinel structure that consists of a cubic close-packed 
an array of oxide ions, where all the Fe2+ions occupy half of the cathedral sites and the Fe3+are 




magnetite crystallizes in an inverse spinel structure ([Fe3 +]A[Fe2 + Fe3 +]BO4) where A is the 
tetrahedral site and B is the octahedral site. The valence band of O (2p) to the empty Fe (4s) is 
separated. Between these bands, crystal field-bands of the octahedral and tetrahedral sites appear. 
Therefore, because of an excitation (such as MW irradiation), electron transfer may appear from 
the O (2p) band to the empty Fe (4s) orbital [231]. This mechanism can be advantageous from a 
MWI point of view. 
Metal spinel ferrites NPs have a general molecular formula MFe2O4 (e.g. M (metal) = Zn, Ni, Co, 
Mn or Mg), and they have a face-centered-cubic (fcc) close packing structure [232]. Among the 
spinel ferrites already known, zinc ferrites have been studied extensively and getting a lot of 
attention due to their applications in magnetic resonance imaging (MRI) as a contrast agent. due 
to their high electromagnetic performance, excellent chemical stability, making it a suitable 
candidate for being a low loss material which is useful for MWI purposes[232]. 
5.1.2 Superparamagnetic iron oxide (SPION) and ferrite NPs biomedical 
applications 
SPIONs have been extensively studied for their remarkable diagnostic, practical and therapeutic 
applications in the biomedical field and their biocompatibility has already been proven [233]. 
SPIONs have attracted a lot of attention for protein immobilization, thermal therapy, drug delivery 
cancer treatment, tissue repair, cell labelling and magnetic cell sorting [234]. One of the most 
intriguing applications of SPIONs as mentioned above is as an MRI contrast agent for cancer 
diagnosis [235]. SPIONs also act as probes in positron emission tomography (PET), near-infrared 
fluorescence (NIRF) imaging, and in biosensors for detection of biomolecules like glucose, 
proteins, urea, and uric acid. They can also be used as nano-carriers, for enhancing the drug activity 
in combination therapy or as hyperthermia agents [236]. In 1957, Gilchrist et al., showed that 
lymph nodes could be heated to kill lymphatic metastases after the administration of MNPs. In 




injection of MNP directly into the tumors and exciting these NPs with alternating magnetic fields 
to produce heat. Further progress has been made in directing NPs to tumors with targeting agents 
such as antibodies [237].  
SPIONs provide significant advantages over traditional contrast agents, including high magnetic 
signal strength, relatively low cytotoxicity, longer lasting contrast enhancement, improved 
delineation of tumor margins and low sensitivity to the number of water molecules around them 
[238]. Studies have also shown that the iron released from degrading SPIONs are metabolized by 
the body, reducing the potential for long-term cytotoxicity and small iron oxide particles have been 
applied in vitro diagnostics for nearly 40 years [239]. SPIONs have had practical applications such 
as in magnetic cell targeting, ferrofluids and catalysis [240][241]. In addition to therapeutic 
applications in drug delivery and hyperthermia [242][243]. They are unique in that they exhibit 
paramagnetism. In definition, this means that the individual atomic magnetic moments of the 
particles are randomly aligned with each other producing a zero-net magnetic moment. On 
exposure to an external magnetic field, some of these moments align and constitute a net magnetic 
moment. Once functionalized, they are known to be tolerated well by the human body and 
constitute a favourable biocompatibility profile [244]. Due to many qualities that MNPs possess, 
we decided to study the effect of these particles on the dielectric properties at MW frequencies. 
5.2 Study objectives 
In this study, we perform experiments to understand the potential of iron oxide and ferrite NPs 
as dielectric contrast enhancers. The aim of this chapter is to investigate the effect on dielectric 
properties of a medium of a) commercially available iron oxide NP b) in-house synthesized zinc 




5.2.1 Aims of the study 
1. To synthesize SPION functionalized with Polymaleic Anhydride-alt-1-octadecane. [Fe3O4]- 
PMAO and Zinc ferrites-PMAO – 1) [(Zn0.18Fe0.82) Fe2O4]-PMAO and 2) [(Zn0.39Fe 0.61)Fe2O4]- 
PMAO. 
2. To characterize the amount of zinc (Zn) and iron (Fe) present within different compositions of 
zinc ferrites via TXRF (total reflection X-ray fluorescence) 
3. To characterize the size and structure of iron oxide NPs from Sigma Aldrich (SA), Sienna+, 
Liquid Research (Water based ferrofluid; FF), SPION functionalised with poly(maleic anhydride-
alt-1-octadecene); [Fe3O4]-PMAO and Zinc ferrites- PMAO 1) [(Zn0.18Fe0.82)Fe2O4]-PMAO and 2) 
[(Zn0.39Fe0.61)Fe2O4]-PMAO via SEM. 
4. To characterize the colloidal stability of NPs via UV-Vis and DLS 
5. To characterise the dielectric properties of Sigma Aldrich (SA), Sienna+, Liquid Research 
(Ferrofluid; FF) and, SPION functionalized with poly(maleic anhydride-alt-1-octadecene); 
[Fe3O4]-PMAO, and Zinc ferrites-PMAO; 1) [(Zn0.18Fe0.82)Fe2O4]-PMAO and 2) 
[(Zn0.39Fe0.61)Fe2O4]-PMAO ; in A) water and B) 60% glycerol from 1-4 GHz. 
6. To characterize the dielectric properties of SPION functionalized with poly(maleic anhydride-
alt-1-octadecene); [Fe3O4]-PMAO and Zinc ferrites-PMAO; 1) [(Zn0.18Fe0.82)Fe2O4]-PMAO and 2) 
[(Zn0.39Fe0.61)Fe2O4]-PMAO in TM (tissue mimicking) phantom from 1-4 GHz. 
5.3 Description of commercial iron oxide NPs studied 
5.3.1 Commercially available or clinically tested Sienna+ from 
Endomagnetics 
Superparamagnetic iron oxide nanoparticles (SPION) were obtained from 




magnetometry. Sienna+ is a black-brown solution containing dextran (a water-soluble 
polysaccharide) coated SPION particles. The carboxydextran coating prevents the particles from 
agglomerating and allows particles to have biocompatible properties. Stated manufacturer size of 
SPION particles is known to be of size 60 nm with 5 nm dextran coating. These particles were 
supplied at a stock concentration of 28 mg/mL [245][246]. 
Clinically Sienna+ are injected into the breast, they drain through the lymphatics and accumulate 
in the sentinel node (SN). Sentinel lymph node biopsy is used to evaluate axillary staging for 
clinically node-negative breast cancer. Since the solution is dark brown, and the nodes are often 
coloured, which helps the surgeon to identify the SN visually. A handheld probe, SentiMag is used 
to identify the Sentinel nodes [247]. 
5.3.2 FF obtained from Liquid Research UK 
Water-based ferrofluids (FF) were obtained from Liquid Research Ltd. Ferrofluids are stable 
colloidal dispersions of magnetic (Fe3O4) particles. Particles are held in water suspension by a 
dispersing agent (anionic surfactant with a carboxylate group end). Stated manufacturer size of 
these particles is 10 nm[248]. 
5.3.3 Iron oxide – SA 
Iron (II, III) oxide were obtained from Sigma Aldrich (SA). Stated manufacturer size was between 




5.4 Results (I) – Commercial iron oxides 
5.4.1 Morphology and colloidal stability analysis using DLS, UV-Vis and 
SEM 
5.4.1.1 UV-Vis analysis of the colloidal stability commercial iron oxide NPs 
To understand the aggregation properties over time UV-VIS light transmission was employed.  
A vertical cuvette was used, and light transmittance was measured over time. If NPs aggregate and 
precipitate the solution becomes clear and light transmittance increases.  
Commercial iron oxide NPs were dispersed in water at a concentration of 1 mg/mL and serially 
diluted to 10 μg/ml and after brief sonication light transmission was measured at different time 
points. Increase in the transmission indicates aggregation of NP suspensions. Transmission of light 
(Fig. 5-2) through SA NPs increases to almost 100% over a period of 4 hours, suggesting 
aggregation and precipitation of iron oxide NPs in water. However, FF and Sienna+ had a 
transmission of light between 40-50%. Transmission for both ferrofluid and Sienna+ remained 
similar throughout 4 hours suggesting these particles are much more stable in water compared to 
Figure 5-2: UV-Vis analysis of iron oxide Sienna+, FF and SA, at a wavelength (λ) of 415nm. The measurements were 




SA. Ferrofluid NPs have a presence of anionic surfactant (not disclosed) within their dispersion 
and Sienna+ NPs have carboxy-dextran coating around them, hence increasing the stabilization of 
the NPs compared with iron oxide (sigma) NPs. 
5.4.1.2 DLS assessment of nanoparticle size over time 
Values of PDI (Fig. 5.3) ranges from 0 to 1; a PDI value smaller than 0.1 shows the sample is 
nearly monodisperse, while a PDI equal to 1 indicates the sample has a large variation in particle 
size. The PDI values for both FF and Sienna+ are between 0.25-0.45. However, PDI for SA (Fig. 
5.4) is 1 suggesting very large aggregates forming over time. Results of DLS obtained for FF, 












Figure 5-3: Z- average size and PDI of Sienna+ and FF over a period of 4 hours n=6+/-SD 




Results in Table 5-1 confirm that SA NPs showed poor compatibility in water. The polydispersity 
index (PDI) at t0 showed that the particles instantly aggregate causing large variation of particle 
size, while after t60 most of the particles have sedimented. Sienna
+ and FF showed better colloidal 
stability. This can be explained by the presence of an anionic surfactant with FF and the presence 
of carboxydextran coating with Sienna+. 
                          Table 5-1: Size (nm) and PDI obtained at t0 and t60 for commercial magnetite’s via DLS 
          
 
       
5.4.1.3 SEM analysis 
Further analysis of all iron oxide NPs was characterized for their size chemical stability 
morphology using scanning electron microscopy (SEM). For SEM analysis, 1 mg/mL for each NP 
suspension was prepared. This was an optimal concentration to be used for SEM imaging 
purposes. Results in Figure 5-5 show the surface morphology of Sienna+, FF, and SA. The SEM 
images show that samples exhibit a compact arrangement of homogeneous NPs and are spherical 







Magnetite Size (nm) PDI (t0) PDI (t60) 
SA - 0.95±0.11 - 
Sienna+ 64.74±3.22 0.25±0.02 0.24±0.05 
FF 118.88±27.18 0.33±0.08 0.71±0.12 
Figure 5-5: The surface morphology is observed from SEM. SEM images of Sienna+ (left), FF (middle) and SA (right). 
Images were taken at room temperature and in a vacuum environment with a Hitachi scanning electron microscope 




5.5 Dielectric properties of commercial iron oxide nanoparticle 






















5.5.1 Dielectric properties of SA at different concentrations in water 
Dielectric constant of SA at 2, 1, 0.5 and 0.25 mg/mL is 79.99±0.09, 80.19±0.02, 80.71±0.02 and 
80.34±0.04 at 1.18GHz compared with water which has a dielectric constant of 78.61±0.16 at 
1.18GHz. The maximum average change in epsilon was -0.85% at 2 mg/mL (f=1.12GHz), 2.095 





















Results tabulated in table 5-2 show that the average change in dielectric constant of SA at 0.25 
mg/mL was the highest across the frequency range compared with other concentrations. The 
highest average change in sigma of 34.23% was observed for SA at 0.25 mg/mL. 
 
 
Figure 5-6: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of colloidal dispersion of SA at different concentrations in RO water characterised between 1- 4 GHz. Each curve 










From the results obtained it can be concluded that lower the concentration of SA, higher is the 
average change in epsilon, suggesting aggregation and flocculation of NPs at higher concentrations 
is more dominant, hence in this situation a lower concentration of the nanomaterial might be 
useful to observe the desired change.   
SA samples were necessary to study to make a comparison between particles which are not stable 
in suspension and particles which are stable ins suspension, such as Sienna+ and FF. But, these SA 









2mg/mL 1mg/mL 0.5mg/mL 0.25mg/mL 
1 1.92 2.04 1.93 2.27 
2 1.46 1.53 1.47 1.69 
3 0.86 0.82 0.76 0.87 




5.5.2 Dielectric properties of Sienna+ at different concentrations in water 
On the other hand, microwave properties of iron oxide (Sienna+) in water from the frequency 
range of 1-4 GHz show a different dielectric behaviour (Fig. 5.8 and table 5.3). Overall, it can be 
said that the average change epsilon observed for iron oxide obtained from Sienna+ is much higher 














The carboxydextran coating does two things; 1) Carboxydextran coating can be contributing to 
the overall polarisation of the NPs, hence increase in the dielectric properties observed and 2) 
coating of the NP allows better dispersion of the NPs in water hence sedimentation of the NPs is 
prevented therefore an increase in the dielectric properties is observed. The maximum average 
Figure 5-8: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of colloidal dispersion of Sienna+ at different concentrations in RO water characterised between 1- 4 GHz. Each 




change in epsilon of Sienna+ showed a change of 7.96% at 2 mg/mL(f=1.18GHz), 7.42% at 1 









5.5.3 Dielectric properties of FF at different concentrations in water 
Figure 5-9 & table 5-4 shows the microwave properties of ferrofluid (FF) in water at 
concentrations of 2, 1, 0.5 and 0.25 mg/mL from the frequency range of 1-4 GHz. The highest 
dielectric constant of FF at 2, 1, 0.5 and 0.25 mg/mL is 80.68±0.02 (f=1.18 GHz), 82.31±0.04 
(f=1.12 GHz), 82±0.02 (f=1.18 GHz) and 82.39±0.03 (f=1.18 GHz) compared with water which 
has a dielectric constant of 78.61±0.16 at 1.18GHz. The maximum average change in epsilon was 
2.63% at 2 mg/mL (f=1.18GHz), 4.49% at 1 mg/mL(f=1.12GHz), 4.32% at 0.5 mg/mL 







2mg/mL 1mg/mL 0.5mg/mL 0.25mg/mL 
           1 6.24 5.8 5.5 5.51 
           2 6.35 6.09 5.56 5.45 
           3 5.91 5.5 5.47 5.57 










































Results tabulated in table 5-4, suggest that the average change epsilon was highest at lower 
concentrations as seen with SA. The maximum average change in sigma of 36.19 was observed for 
1 mg/mL of FF at 1.18 GHz, whereas the lowest average change in sigma of 1.32 was observed 





Figure 5-9: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of colloidal dispersion of FF at different concentrations in RO water characterised between 1- 4 GHz. Each curve 












The dielectric constants of all commercial products show irregular patterns of undulation, 
approximately between 1-2 GHz. This is a characteristic for VNA measurements in water or 
mediums with high dielectric constant. This behaviour disappears with a low dielectric constant 
medium such as 60% glycerol or even in TM phantom. These undulations in water become more 
prominent in the presence of NPs. This is because the coaxial probe assumes that NPs under test 
are homogenous, which is not generally achieved with water, hence errors are more pronounced 






Frequency (GHz) 2mg/mL 1mg/mL 0.5mg/mL 0.25mg/mL 
1 1.16 2.67 2.57 3.07 
2 1.08 2.95 2.71 3.27 
3 1.47 2.88 2.64 3.15 




5.6 Dielectric properties of commercial iron oxide nanoparticle 





















5.6.1 Dielectric properties of iron oxide (sigma), iron oxide (Sienna+) and 
Ferrofluid at different concentrations in 60% glycerol 
Not many studies have been carried out where the dielectric properties of NP inclusion in 60% 
glycerol have been measured. However, Semenov et al., carried out a study where ferroelectric 
such BaTiO3 and CaTiO3 in glycerol for potential contrast enhancement for microwave 

































Figure 5-10: : (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of colloidal dispersion of SA at different concentrations in 60% glycerol characterised between 1- 4 GHz. Each 




The concentration of materials used was not disclosed. Dielectric properties of both ferroelectrics 
were measured in glycerol at 1 and 2.45 GHz and an increase in the dielectric properties after the 
inclusion of NPs was observed [249]. 60% glycerol was studied, because it approximately mimics 
the properties of a tumor, and it was important to understand the behaviour of NPs in a low 
dielectric constant medium. 
 
Table 5-5: Average change in epsilon of SA at concentrations of 2, 1, 0.5, 0.25mg/mL at frequency range between 1-4 
GHz in 60% glycerol. 
 
Overall, it was observed that the average change of epsilon was much higher in 60% glycerol than 
in water for all the nanomaterials. Dielectric properties result obtained for nanomaterial in 60% 
glycerol shows a linear dependency with concentrations, i.e. higher the concentration of NPs 
higher are the dielectric properties compared with dielectric properties in water. The maximum 
average change of dielectric constant observed with SA with 60% glycerol (Fig. 5.10) was 9.01% 
(2 mg/mL), 8.36% (1 mg/mL), 5.08% (0.5 mg/mL) and 4.48% (0.25 mg/mL) at 4 GHz (Table 5-
5).  
Figure 5.11 shows the dielectric properties of Sienna+ in 60% glycerol.  Maximum dielectric 
constant of 58.56±0.02, 56.89±0.02 and 56.57±0.01 was observed at 1, 0.5 and 0.25 mg/mL. 
Frequency (GHz) 2mg/mL 1mg/mL 0.5mg/mL 0.25mg/mL 
1 -0.08 -0.51 -1.44 -2.38 
2 2.54 2.05 0.07 -0.73 
3 5.48 4.85 2.13 1.45 




















The maximum average change in dielectric constant of 16.79% (1 mg/mL), 8.03% (0.5 mg/mL), 
6.20% (0.25 mg/mL) was observed at 4 GHz for Sienna+ in 60% glycerol.  
FF have been studied previously by Bucci et al., where they were dispersed in PBS (phosphate 
buffer saline). Dielectric properties in that study were measured at a concentration of 25 mg/mL 
from 0.1-8 GHz to observe potential dielectric and magnetic contrast [83]. Since these particles 
had already been studied before, dielectric properties of FF were further characterized in 60% 
glycerol.  
Figure 5-11: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of colloidal dispersion of Sienna+ at different concentrations in 60% glycerol characterised between 1- 4 GHz. 
Each curve represents the average of three different samples (n=3+/-SD). 
 
Frequency (GHz) 1mg/mL 0.5mg/mL 0.25mg/mL 
1 3.52 0.57 -0.02 
2 7.74 2.20 1.16 
3 12.17 4.80 3.40 
4 16.79 8.03 6.20 
 Figure 5-12: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of colloidal dispersion of Sienna+ at different concentrations in 60% glycerol characterised between 1- 4 GHz. 






Figure 5-13: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of colloidal dispersion of FF at different concentrations in 60% glycerol characterised between 1- 4 GHz. Each 
curve represents the average of three different samples (n=3+/-SD). 
 
Figure 5-14: UV-Vis analysis of Fe3O4 – PMAO, [(Zn0.18Fe0.82) Fe2O4]- PMAO and, [(Zn0.39Fe 0.61) Fe2O4] - PMAO at a 
wavelength (λ) of 415nm. The measurements were taken over a 4-hour period n=6 +/-SD.Figure 5-15: (a) dielectric 
constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in sigma of colloidal dispersion 
of FF at different concentrations in 60% glycerol characterised between 1- 4 GHz. Each curve represents the average of 
three different samples (n=3+/-SD). 
Table 5-6: Average change in epsilon of sienna+ at concentrations of 2, 1, 0.5, 0.25mg/mL at frequency range between 














Frequency (GHz) 1mg/mL 0.5mg/mL 0.25mg/mL 
1 3.52 0.57 -0.02 
2 7.74 2.20 1.16 
3 12.17 4.80 3.40 










FF showed the maximum average change in dielectric constant compared with SA and Sienna+ at 
higher frequencies (Fig. 5.12). A maximum dielectric constant of 60.11±0.10, 58.81±0.01, 
57.77±0.04 and 57.31±0.09 was observed for 2, 1, 0.5 and 0.25 mg/mL respectively at 1 GHz 
compared with the dielectric constant of 56.57±0.01 for 60% glycerol at similar frequency. 
Maximum average change in dielectric constant observed with FF was 26.64% (2 mg/mL), 21.635 
(1 mg/mL), 16.84% (0.5 mg/mL) and 14.34% (0.25 mg/mL) at 4 GHz (Table 5.7). 
 
Table 5-7: Average change in epsilon of FF at concentrations of 2, 1, 0.5, 0.25mg/mL at frequency range between 1-









Frequency (GHz) 2mg/mL 1mg/mL 0.5mg/mL 0.25mg/mL 
1 6.25 3.96 2.13 1.32 
2 13.70 10.16 7.00 6.15 
3 20.90 15.94 11.79 10.84 




5.7 Result (II)- Zinc ferrites with PMAO polymer 
One type of SPION and two types of zinc ferrites (Table 5-8) was synthesized by the thermal 
decomposition method. Both SPION and Zn Ferrites were coated with PMAO. Addition of 
PMAO improved aqueous dispersion of ferrous nanoparticles. 
Table 5-8: Different zinc ferrites prepared for this study. (AcAc stands for Acetal Acetate and PMAO stands for Poly 
(maleic anhydride-alt-1-octadecene) 
 
This section will be discussing the structural and dielectric characterization of different zinc ferrites 
in water, 60% glycerol and, tumor mimicking (TM) phantom. TM phantom study has been carried 
out only with zinc ferrites because other commercial iron oxide NPs, mentioned in the above 
section has been used for comparison and have been tested in two mediums. Our in-house 
synthesized SPIONs and zinc ferrites have the potential of being novel, biocompatible NPs for 
acting as potential contrast agents for MWI, hence it was important to measure the dielectric 
properties in TM phantoms as well. For the synthesis and functionalization of ferrites we used the 
methodology kindly provided by Prof N. Long and his team in Imperial College London. Based 




Sample compositions FeCl2 Fe(AcAac)3 ZnCl2 
Fe3O4 - PMAO - 0.353g - 
 


















5.7.1 Morphology and colloidal stability analysis of zinc ferrites via DLS, 
UV-Vis and SEM 
5.7.1.1 UV-Vis analysis 
To measure the stability of our synthesized NP, UV-Vis analysis was carried to measure their 
measure the stability over a period of 4 hours (Fig. 4-12).  
2 mg/mL of each ferrite suspension was serially diluted to 20 µg/mL for UV-Vis measurement 
purposes. These particles seemed to be stable over a period of 4 hours and light transmission was 
similar to Sienna+ NPs (Fig. 5-13). Transmission of light from Fe3O4 – PMAO, [(Zn0.18Fe0.82) 
Fe2O4]- PMAO and [(Zn0.39Fe0.61) Fe2O4] – PMAO starts of at 49.24%, 48.24% and, 48.24% 
respectively. Fe3O4 – PMAO showed an increase in light transmission from 49.24% to 49.58% at 
15 minutes. All three ferrites were found to have a light transmission of 49.12 at 4-hour time point. 
After 60 minutes there was stabilization in light transmission for all ferrites till 4-hour time point, 
suggesting stability of NPs in water.   
Figure 5-16: UV-Vis analysis of Fe3O4 – PMAO, [(Zn0.18Fe0.82) Fe2O4]- PMAO and, [(Zn0.39Fe 0.61) Fe2O4] - PMAO at a 
wavelength (λ) of 415nm. The measurements were taken over a 4-hour period n=6 +/-SD. 
 
Figure 5-17: Z- average size and PDI of [Fe3O4]-PMAO, [(Zn0.18Fe0.82)Fe2O4]-PMAO and [(Zn0.39Fe0.61)Fe2O4]-PMAO 
over a period of 4 hours n=6+/-SDFigure 5-18: UV-Vis analysis of Fe3O4 – PMAO, [(Zn0.18Fe0.82) Fe2O4]- PMAO and, 





5.7.1.2 DLS assessment of NPs in water over time 
Figure 5-14 shows the DLS analysis of ferrites. For DLS analysis, similar concentration as UV-Vis 
was used. The PDI values range from 0 to 1. The PDI values of all ferrites are between 0.27 - 0.36. 
PDI value of Fe3O4 – PMAO is 0.35 at t0 and increases to only 0.36 at 4- hour time point. 
[(Zn0.18Fe0.82) Fe2O4]- PMAO and [(Zn0.39Fe0.61) Fe2O4] – PMAO has a PDI of 0.34 at 4-hour time 







5.7.1.3 SEM analysis 
To characterize the surface morphology and the size of our in-house synthesized zinc ferrites, 
SEM was carried out (Fig. 5-15). For SEM analysis 2 mg/mL of each of the sample was used for 
characterization. 
Most of the particles, from the image, seem to be aggregated, however, the average particle size of 
35±3.6 nm, 45±6.5 nm, and 47±3.5 nm were obtained for [Fe3O4]-PMAO, [(ZnO0.18Fe0.82) Fe2O4]-
PMAO and [(Zn0.39 Fe0.61)Fe2O4]-PMAO respectively. From our DLS measurements the sizes 
observed were 39.41±7.3, 51.78± 5.7 and 52.35± 6.9 for [Fe3O4]-PMAO, [(Zn0.18Fe0.82)Fe2O4]-
PMAO and [(Zn0.39Fe0.61)Fe2O4]-PMAO respectively. The slight increase in size observed with 
DLS compared with SEM could be because for SEM, samples are in a dry state. 
Figure 5-19: Z- average size and PDI of [Fe3O4]-PMAO, [(Zn0.18Fe0.82)Fe2O4]-PMAO and [(Zn0.39Fe0.61)Fe2O4]-PMAO 










Whereas for DLS, samples are in a solvent (i.e. water) where there are solvent molecules associated 
with our NPs, hence a slight increase in our size is observed. Samples were prepared for TXRF 
analysis of metals and results were correlated with doping metal levels. For TXRF analysis, on 
prepared siliconized quartz discs, our samples were diluted with the standard gallium to achieve a 
concentration and pipetted the final solution on to those discs (detail methodology provided in 
chapter 6; material & methods). TXRF measurements were carried out by Bruker S2 Picofox. ICP-
MS (Inductively coupled plasma mass spectrometry) is another technique which is used to detect 
the concentrations of metals. However, we decided to use TXRF because ICP-MS required high 
sample volume. Since high volume of sample was needed for ICP-MS, TXRF was chosen instead. 
Also, sample preparation for TXRF is easier than ICP-MS. TXRF was carried out to establish 
different concentrations in mM for Zn and Fe in each composition prepared. [(Zn0.39Fe 0.61)Fe2O4]-
PMAO was prepared to have a higher concentration of Zn which was confirmed by TXRF 
analysis.  
In the next section, dielectric properties of our in-house synthesized zinc ferrites in water, 60% 
glycerol and in TM phantom is discussed. Concentration dependency was not measured in this 
case, because it was important to understand the effect different amounts of zinc and iron within 
the composition have on the dielectric properties of mediums.  
Figure 5-20: The surface morphology is measured via SEM. Fe3O4-PMAO (left), [Zn0.18Fe0.82]Fe2O4-PMAO (middle) and 
[Zn0.39 Fe 0.61]Fe2O4-PMAO (right). Images were taken at room temperature and in a vacuum environment  
 
Figure 5-21: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of Fe3O4-PMAO, [Zn0.18Fe 0.82] Fe2O4-PMAO and [Zn0.39Fe0.61]Fe2O4-PMAO in water characterised  at a 
concentration of 2mg/mL between 1-4 GHz. Each curve represents the average of three different samples, n=3+/-
SDFigure 5-22: The surface morphology is measured via SEM. Fe3O4-PMAO (left), [Zn0.18Fe0.82]Fe2O4-PMAO (middle) 




5.7.2 Dielectric properties of zinc ferrites in water, 60% glycerol and tissue-
mimicking phantom 












Dielectric properties of “in-house” synthesized zinc ferrites at a concentration of 2 mg/mL was 
characterized between 1-4 GHz (Fig. 5-16). Iron oxide obtained commercially were used as our 
controls to compare the dielectric properties with our synthesized zinc ferrites coated with PMAO 
polymer. The maximum average change in the dielectric constant was 5.4%, 3.6% and 1.87% at 1 
GHz for [(Zn0.18Fe0.82)Fe2O4]-PMAO, [(Zn0.39Fe0.61)Fe2O4]-PMAO and [Fe3O4]-PMAO 
respectively. Lowest average change was 4.57%, 1.96% and 2.35% at 4 GHz for [(Zn0.18Fe0.82) 
Fe2O4]-PMAO, [(Zn0.39Fe0.61)Fe2O4]-PMAO   and  [Fe3O4]-PMAO respectively. Maximum 
Figure 5-23: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of Fe3O4-PMAO, [Zn0.18Fe 0.82] Fe2O4-PMAO and [Zn0.39Fe0.61]Fe2O4-PMAO in water characterised  at a 
concentration of 2mg/mL between 1-4 GHz. Each curve represents the average of three different samples, n=3+/-SD 
 
Figure 5-24: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of [Fe3O4]-PMAO, [(Zn 0.18 Fe 0.82) Fe2O4]-PMAO and [(Zn 0.39Fe0.61)Fe2O4]-PMAO in 60% glycerol at a 
concentration of 2mg/mL characterised between 1-4 GHz. Each curve represents the average of three different samples, 
n=3+/-SD.Figure 5-25: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average 
change in sigma of Fe3O4-PMAO, [Zn0.18Fe 0.82] Fe2O4-PMAO and [Zn0.39Fe0.61]Fe2O4-PMAO in water characterised  at a 




dielectric constant was 80.08±0.02(1.18 GHz), 81.4±0.03 (1.18 GHz) and     82.82±0.32   (1.3     
GHz)     for     Fe3O4-PMAO,     [(Zn0.39Fe0.61)Fe2O4]-PMAO and [(Zn0.18Fe0.82)Fe2O4]-PMAO 
respectively. The maximum average change of epsilon (%) of [(Zn0.18Fe0.82)Fe2O4]- PMAO at 1 
GHz was 5.4%, which was higher than SA and FF NPs at similar conditions, but lower than 
Sienna+. The maximum average change in effective conductivity of [(Zn0.18Fe0.82)Fe2O4]-PMAO 
was 107.60% which is significantly higher than commercial iron oxides. The higher conductivity 
of the zinc ferrites is attributed to the Verwey’s electron hopping mechanism. Furthermore, 
polymers such as PMAO are conductive because electrons within them have the ability to jump 
from one chain to another, hence causing an increase within and between the chains of the 
polymer, hence increasing the conductivity of the medium. 
5.7.2.2 Dielectric properties of zinc ferrites in 60% glycerol 
Dielectric properties of our synthesized zinc ferrites were measured in 60% glycerol (Fig. 5-17) 
and were comparable with our commercial iron oxide NPs. The overall average change in epsilon 
was higher in 60% glycerol compared with water. Maximum average change in epsilon was 20.81%, 
15.57% and, 7.85% for [(Zn0.18Fe0.82)Fe2O4]-PMAO, [(Zn0.39Fe0.61)Fe2O4]PMAO, and 
[Fe3O4]PMAO respectively at 4 GHz. The maximum average change in sigma was 3.54%, 5.41% 
and, 5.31% for[(Zn0.18Fe0.82)Fe2O4]-PMAO, [(Zn0.39Fe0.61)Fe2O4]PMAO, and [Fe3O4]PMAO 
respectively. Overall, it can be said that the average change epsilon was much higher in 60% 


















5.7.2.3 Dielectric properties of zinc ferrites in TM phantom 
Figure 5-18 shows the dielectric properties of ferrites in oil-in-gelatin TM phantom between 1-4 
GHz at 2 mg/mL. As these ferrites are biocompatible and have the potential of becoming potential 
contrast agent, we decided to further study their properties in TM phantom. The maximum 
dielectric constant was 57.02±0.17, 58.79±0.41 and, 59.5±0.19 at 1 GHz for [Fe3O4]-PMAO, 
[(Zn0.39Fe0.61)Fe2O4]-PMAO and, [(Zn0.18Fe0.82)Fe2O4]- PMAO  respectively compared with 
55.32±0.57 of the TM phantom at a similar frequency. [(Zn0.18Fe0.82) Fe2O4-]PMAO composition 
showed the maximum average change of epsilon (%) of 7.56 with [Fe3O4]-PMAO showing the 
lowest average change of epsilon of 3.08 at 1 GHz. 
Figure 5-26: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of [Fe3O4]-PMAO, [(Zn 0.18 Fe 0.82) Fe2O4]-PMAO and [(Zn 0.39Fe0.61)Fe2O4]-PMAO in 60% glycerol at a 




Figure 5-27: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change in 
sigma of Fe3O4-PMAO, [(Zn0.18Fe0.82)Fe2O4]-PMAO and [(Zn0.39Fe0.61)Fe2O4]PMAO in TM phantom characterised 
between 1-4 GHz at a concentration of 2 mg/mL. Each curve represents the average of three different samples, n=3+/-
SDFigure 5-28: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change 
in sigma of [Fe3O4]-PMAO, [(Zn 0.18 Fe 0.82) Fe2O4]-PMAO and [(Zn 0.39Fe0.61)Fe2O4]-PMAO in 60% glycerol at a 






PMAO is a hydrophilic polymer which could be contributing towards an increase in the dielectric 
properties of the material. However, a further increase in the dielectric properties is observed with 
inclusion of zinc within the composition. Therefore, these results clearly suggest that addition of 
zinc within the composition influences the dielectric properties of the material and this change is 













5.8 Discussion  
MNPs have previously shown a potential of being used as contrast agents for MWI applications. 
They are already used clinically for MRI purpose, hence in this study different types of iron oxide, 
Figure 5-29: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) average change 
in sigma of Fe3O4-PMAO, [(Zn0.18Fe0.82)Fe2O4]-PMAO and [(Zn0.39Fe0.61)Fe2O4]PMAO in TM phantom 
characterised between 1-4 GHz at a concentration of 2 mg/mL. Each curve represents the average of three different 
samples, n=3+/-SD 
 
Figure 5-30Figure 5-31: (a) dielectric constant, (b) effective conductivity, (c) average change in epsilon and (d) 
average change in sigma of Fe3O4-PMAO, [(Zn0.18Fe0.82)Fe2O4]-PMAO and [(Zn0.39Fe0.61)Fe2O4]PMAO in TM 
phantom characterised between 1-4 GHz at a concentration of 2 mg/mL. Each curve represents the average of three 




NPs were explored for their potential use. In this study, we investigated the colloidal stability and 
dielectric properties of commercial iron oxide from SA, Sienna+, and FF in water and in 60% 
glycerol. These NPs were used as controls against our synthesized zinc ferrites coated with PMAO 
polymer. It has been suggested previously, that stability of the particles will be better in a viscous 
medium and if they are coated which improves their dispersion properties. Dielectric properties 
of all nanomaterials tested showed higher contrast and better dispersion in 60% glycerol compared 
with water. 
5.8.1 Stability and dielectric properties of commercial iron oxides 
The colloidal stability of each nanomaterial was tested using UV-Vis and DLS. NPs with the 
presence of anionic surfactant i.e. FF and Sienna+ which had a carboxydextran coating around 
them showed higher stability compared to basic NPs without any surfactant or coating. SA NPs 
showed higher PDI compared with other iron oxides NPs. This is because iron oxides NPs with 
bare surfaces tend to agglomerate due to strong magnetic attraction among particles, Van der 
Waals forces, and high surface energy. These particles agglomerate and form large clusters due to 
hydrophobic interactions between the particles, resulting in increased particle size. Mutual 
magnetization also takes place due to adherence of remnant magnetic particles which results in the 
increased aggregation properties [205][250][251]. Hence, the stability of the NPs is limited. 
Iron oxide NPs have a polar covalent bond between iron and oxygen, though the crystalline 
structure is in an octahedral form, therefore they are non-polar in nature. We propose that they do 
not go through dipolar polarization and therefore no increase is observed within the dielectric 
properties, such as the case with SA NPs. 
The high stability of FF compared with SA NPs can be explained due to the presence of an anionic 
surfactant. The surface of iron oxide NPs is covered by iron atoms that act as Lewis acids, which 




aqueous medium, water dissociates, and the iron oxide surface becomes hydroxyl functionalized. 
These hydroxyl groups are amphoteric. The surface of iron oxide may be positive or negative, 
depending upon the pH of the solution. The isoelectric point of magnetite is 6.8; the surface charge 
density is too small, and the particles are no longer stable in water and they tend to flocculate. To 
obtain stable iron oxide NPs electrostatic and steric stabilization needs to be maintained [252][253]. 
This can be achieved by either surfactants or polymers which can be chemically anchored or 
physically adsorbed on the surface, which will create a balance between the magnetic and the Vaan 
der Waals attractive forces, hence making the NPs stable in suspension [254][255][256]. 
Surfactants attach to the surface of iron oxide NPs via their end functional groups through 
covalent and/or electrostatic interactions. They behave as protective agents and can constitute a 
layer of thickness varying between 1-5 nm [257]. Examples of anionic surfactant functional groups 
include sulfate, sulfonate, carboxylates, and phosphates. Surfactants can be adsorbed onto the 
surface via 1) electrostatic interaction between the ionic headgroup of the surfactant and charged 
surface sites, 2) hydrophobic interaction between the surfactant hydrophobic tails or 3) through 
covalent bonding between the surfactant and the surface of the NPs. 
Presence of anionic surfactant seems to be increasing the dielectric properties of iron oxide, as 
seen with FF. Vadivel et al., carried out a study where they showed that SDS (sodium dodecyl 
sulfate), an anionic surfactant, added to CoFe2O4 showed higher dielectric properties compared 
with bare CoFe2O4 [258][259]. 
The general trend seen with our results is that the dielectric constant decreases with an increase in 
frequency and the dielectric loss increase with an increase in frequency. At low frequency, surface 
charge polarization contributes towards the dielectric constant due to the accumulation of charge 
carriers beneath the applied electric field. As the frequency increases electric field changes rapidly 
and makes it difficult for the electrons to keep up, hence they lag the applied field. This lagging 




leads to a decrease of dielectric constant with frequency. The value of polarization tends to 
decrease with an increase in frequency hence dielectric constant follows in that trend. The high 
dielectric constant value at low frequencies is due to the better response of polarization 
mechanisms. The dielectric loss decreases as the frequency increases which is due to the reduction 
in the absorption current. However, at high frequency, the conversion of charge movement to 
lattice vibration i.e. phonon causes loss factor [260]. 
ε′′ = ε′′𝑑 + ε′′𝜎                                                                                                       (Equation 1) 
Another factor which needs to be considered is that the imaginary part of the permittivity ε′′ 
contains two contributions, ε′′𝑑 which represents the dielectric loss and ε′′𝜎, which represents the 
loss due to the drift of ions [261]. Since the possibility of mobile ions is higher due to the presence 
of a surfactant, possibility of higher drift of ions is likely which increases the conductivity. As iron 
oxide NPs are non-polar in nature, the polar carboxy dextran, used to improve the dispersion of 
Sienna+ NPs goes through dipolar polarisation mechanism. The hydroxyl groups present on 
carboxy dextran, go through dipolar polarisation hence an increase in the dielectric constant is 
observed between iron oxide NPs obtained from Sienna+ compared with FF and SA. This was 
also stated by Ogunlade et al., [78][262]. 
Dielectric relaxation is the momentary delay in the dielectric constant of a material. This is caused 






behaviour of glycerol is affected when mixed with water, which can in turn, affect the dielectric 
properties of a suspension [263]. Glycerol is a three-carbon hydrocarbon with one hydroxyl group 
attached to each carbon atom and is highly soluble in water. Glycerol serves also for electrostatic 
stabilization of NPs, due to its supramolecular network [264]. For the binary mixtures of glycerol 
and water, we assume three types of active environments simultaneously co-existing: CDW which 
contains only water, CDG which contains only glycerol, and CDW-G which includes both water and 
glycerol, respectively. The dielectric behaviour of these mixtures depends considerably on the bulk 
fraction of the CDW - G which in turn is directly related to the mixture ratio of the two liquids. CD 
is a way of describing the relationship of the mixture constituents. This effectively shows how 
glycerol molecules align with water molecules to produce a single, composite dielectric relaxation 
time.  
It is observed that dielectric constant decreases and effective conductivity increases with an 
increase in glycerol concentration. The slope of the curve of dielectric constant steepens within 1-
2 GHz range and conductivity are concave upwards. This is because of the distinct shifting of 
relaxation frequency. With the results observed for 60% glycerol, there is a monotonic decrease in 
the dielectric constant with an increase in frequency and a monotonic increase in conductivity is 
observed. This behaviour is related to the distinct shifting of relaxation frequency [263]. It is 
possible that 60% glycerol provides electrostatic stability of the NPs, which has been highlighted 
in previous chapters as well, it can be concluded that stability of the NPs improves in 60% glycerol 
compared with water, hence the increase in dielectric properties is observed with 60% glycerol.  
5.8.2 Stability and dielectric properties of PMAO coated zinc ferrites 
Polymers make excellent ligand for nanoparticles as they surround NPs with substantial physical 
barrier [264]. There are many suitable polymeric ligands to provide water solubility. In this study, 
we coated our synthesized NPs with PMAO polymer. PMAO is a commercially available 




interactions of the NP surfaces, and a hydrophilic anhydride ring backbone that provides water 
solubility through charged groups such as COO- [265]. The particles, therefore, become 
encapsulated in a polymer shell in which the outer surface is hydrophilic allowing excellent 
dispersion properties in water. PMAO has previously been reported to stabilize the particles in 
four main ways. Firstly, as the surface of the polymer becomes negatively charged, particles are 
stabilized by electrostatic repulsion. Second, through the entropic effect: the alkyl chains of the 
adsorbed polymer suffer from steric hindrance upon interacting with alkyl chains on another 
particle. This loss of conformational freedom causes a loss of entropy, which increases the free 
energy leading to repulsion between particles. The osmotic effect occurs when polymer chains on 
individual particles overlap and increase in concentration regions. Repulsion arises due to the 
osmotic pressure which occurs as the solvent attempts to dilute these regions. Lastly, on close 
approach, water molecules on the adsorbed surfaces are released causing repulsion. Polymerization 
is therefore useful as it provides water solubilization of the hydrophobic NPs. 
The dielectric constant observed for [(Zn0.18Fe0.82) Fe2O4]-PMAO at 2 mg/mL was close to 
clinically used commercial Sienna+. Verwey’s hoping mechanism can explain the variation in 
conductivity. Ferrites structurally form a cubic close-packed oxygen lattices with cations at the 
octahedral site and the tetrahedral sites. The distance between two metal ions at an octahedral site 
is smaller than the distance between a metal ion at an octahedral site and another metal ion at a 
tetrahedral site. The electron hopping between octahedral and tetrahedral sites under normal 
conditions, therefore, has a very small probability compared with that for octahedral-octahedral 
hopping. Hopping between tetrahedral and tetrahedral sites does not exist because there are only 
Fe3+ ions at the tetrahedral site and Fe2+ ions formed prefer to occupy octahedral sites only. Zn2+ 
ions prefer to occupy tetrahedral sites, so when Zn2+ ions increases at the tetrahedral sites, then 
some of the Fe-ions from octahedral sites will migrate towards the tetrahedral site and as a result 




conduction, hence there is a decrease in electrical conductivity with an increase in Zn2+ ion 
concentration within the composition[266]. Polarization in ferrites is contributed by space charge 
polarization. Increase in the Zn2+ ion reduces the number of Fe3+ ions on the octahedral site which 
is mainly responsible for both space charge polarization and hopping exchange. -COO- groups at 
the end of the polymer, can be going through dipolar polarisation as well, hence it adds to the total 
polarisation of the composition [267]. This explains why we see an increase in the dielectric 
constant with a decrease in the amount of zinc. Average change in epsilon of [(Zn0.18Fe0.82) Fe2O4]-
PMAO is higher in 60% glycerol compared with water. This is potential because further 
electrostatic stabilization of the NPs is provided in 60% glycerol compared with water, also, the 
hydroxyl groups present in a glycerol molecule can be contributing towards the total dipolar 
polarisation, hence a further increase is observed.  
[(Zn0.18Fe0.82)Fe2O4]-PMAO composition has the highest dielectric constant in TM phantom at 1 
GHz. Many materials have been proposed to be used as potential TM phantoms such as 
polyacrylamide gels (PAG), oil-in-gelatin, and carbon-based synthetic. PAG has typically 
comprised of acrylamide polymerized in a liquid solvent and is used to stimulate the behaviour of 
biological tissues. They have high elasticity but short usage of life with only several hours. 
Compared with the above materials, oil-in-gelatin are popular because of simple preparation, stable 
mechanical properties for a long time. They are used to imitate the dielectric properties of 
biological tissue and the properties can be tuned by varying the amount of oil [149]. 
 The increase in the dielectric constant can be because of the hydrophilic groups present on the 
PMAO polymer, which contribute towards the dipolar polarization. These results strongly suggest 
that [(Zn0.18Fe0.82)Fe2O4]-PMAO composition has the potential of showing  dielectric property 
changes in a tumor. In the experiments presented here we chose to assess the effect of iron oxide 
and ferrite nanoparticles on the dielectric properties of water, 60% glycerol and TM phantom. Our 




we have achieved of TM phantoms with an incorporation of NPs can be trusted because our 
dielectric data of oil-in-gelatin TM phantom agrees well with the literature [60]. There has been no 
study where just 60% glycerol has been measured or with an incorporation of NPs in it, however, 
Paul M. Meaney, carried out a study where the dielectric characterization of different glycerol: 
water mixtures were measured. Exactly 60% glycerol was not measured, but 55% and 70% in that 
study were measured. It can be concluded that dielectric values of our 60% glycerol agree well with 
values reported. This suggests, that the changes we see after the incorporation of NPs in respective 
controls, can be trusted and is reliable data. 
5.9 Conclusion & Summary 
In this study, we have measured the dielectric properties of commercially available iron oxide SA, 
sienna+, and FF. These were used as a control to compare the dielectric properties we achieved 
from our synthesized zinc ferrites, with varying amounts of zinc and iron. Results obtained 
suggested that the stability of the commercial MNPs improved with the presence of an  anionic  
surfactant,  and  due  to  the  presence  of  carboxy  dextran  coating.  Presence of surfactant and 
carboxy dextran coating was found to improve the dielectric properties of the suspension 
compared with iron oxide with a bare surface and no coating. The stability of our synthesized zinc 
ferrites was very similar to clinically available Sienna+. From the three compositions that we 
prepared [Zn0.18Fe0.82]Fe2O4-PMAO showed to have the highest dielectric constant and we suggest 






























The studies throughout this thesis have focused on identifying potential contrast agents for MWI 
applications. In this project we studied NPs to explore if they have the potential of showing a 
contrast at MW frequencies. 
During the duration of this project several nanomaterials were tested to identify their potential of 
changing water’s dielectric constant not presented as results in this thesis.   Nanomaterials tested 
at 1-4 GHz but provided no difference were: calcium phosphate NPs in RO water at 2 mg/mL, 
Gold NPs (40 nm) coated with CTAB (cetyl trimethylammonium bromide) at a concentration 
range of 2, 1, 0.5 and 0.25 mg/mL. Barium titanate (obtained from Effective conductivity Aldrich; 
< 100nm) and strontium titanate (obtained from Sigma Aldrich; were measured in RO water and 
60% glycerol at concentrations of 2, 1, 0.5 and 0.25 mg/mL.  
Due to small aspect ratio of Gold NPs they did not show a change within the dielectric properties. 
The Ca/P molar ratios affect the dielectric properties of the material. Synthesizing particles with 
an appropriate molar ratio might give an enhancement within the dielectric properties.  
In this thesis I have conducted experiments with the following standard conditions: 
Dielectric properties were assessed in water, 60% Glycerol and TM (tissue mimicking) phantom 
because it was important to understand the behaviour of different nanomaterials in high dielectric 
constant medium such as water, in low dielectric constant medium, such as 60% glycerol and in 
TM phantom because these phantoms have dielectric properties similar to that of a tumour, hence 
it was important to understand the dielectric properties in each medium.  
Throughout our studies temperature has been maintained at 20ºC (room temperature). Coaxial 
probe system is used to perform dielectric measurements in this study. Coaxial probe system is a 





Certain concentration range has been selected for nanomaterials tested in this study. 2-0.25 
mg/mL is an appropriate range for measurements because any concentration above 2 mg/mL will 
cause aggregation of particles, which would eventually lead to an inhomogeneous solution which 
will not give accurate measurements. Concentration lower than 0.25 mg/mL would not be enough 
to show a contrast. Therefore, the range from 2-0.25 mg/mL was chosen as the optimal range for 
performing measurements.  
I  have selected  CNTs as some types had been previously tested for MWI purposes and  had 
shown potential increase in dielectric properties in RO water, 60% Glycerol and in TM (tissue-
mimicking) phantom[2][3]. In this study we studied the effect of different lengths and 
functionalisation and type Single Wall vs Multi Wall of CNTs on the dielectric properties of 
different mediums. The results obtained suggested that length and functionalization have an effect 
on the dielectric properties. MWNT-OH showed the highest average change of dielectric constant 
of dielectric constant compared with MWNT, SWNT-OH, SWNT, sSWNT, and sSWNT-OH. 
Longer tubes allowed a longer mean free path and a better conduction pathway and 
functionalization of CNTs improved their dispersion hence an increase in the dielectric properties 
was observed against the non-hydroxylated. The properties were higher in low dielectric constant 
medium and in TM phantom compared with RO water because of dispersion properties of the 
nanomaterials in the medium.  
ZnO NPs were measured in this study, because they possess a dipolar structure which we 
proposed. The dipoles will go through dipolar polarisation and show an increase in the dielectric 
properties in RO water, 60% glycerol and TM phantom between 1-4 GHz. The results were 
compared against our control, SiO2, which had no dielectric contrast. Results suggested that 2 
mg/mL of ZnO NP showed a maximum average change of dielectric constant of 2%, this was 
further improved to 6.80% after ZnO-PEG had been PEGylated. This suggested that improved 




stability  further increased them. The ethylene oxide units present within a PEG molecule could 
also be going through dipolar polarisation, hence adding on to the effect of dielectric properties 
of the material. Though, more studies may be required to prove this effect. The introduction of 
biocompatible ferroelectric polymers as layers and dispersion enhancers should be investigated 
further.  
We measured different commercial iron oxide NPs from Effective conductivity Aldrich, ferrofluid 
from Liquid Research and Sienna+ from Endomagnetics. Ferrofluid form liquid research had been 
previously measured in PBS at 25 mg/mL, in this study we measured it in RO water and in 60% 
glycerol at lower concentrations. Sienna+ and liquid research from ferrofluid showed better 
dispersive and electrical properties in water and in 60% glycerol compared with iron oxide from 
Effective conductivity Aldrich. The presence of anionic surfactant and the carboxy dextran coating 
is improving the dispersive properties of iron oxide and is also contributing towards the dielectric 
properties.  Dispersion is key, and results are in agreement with results in chapter 2. Zinc ferrites 
were also studied in this study and their results were compared with commercial iron oxides. 
Ferrites were coated with PMAO polymer to improve their dispersibility. It was found that as the 
amount of zinc decreases within the composition, dielectric properties increased in water, 60% 
glycerol and TM phantom.  
It could be that if CNTs are made biocompatible in such a way which the dielectric properties are 
not affected, they can be used as potential contrast agents. Also, ZnO-PEG can be used as a 
contrast enhancement agent for MWI application. Since, iron oxide  and ferrites are promising 
nanomaterials that should merit additional studies as contrast enhancement for MWI. However, 
for future work, various NPs which show a dielectric change within different mediums need to be 
made and tested widely at different conditions and different laboratories. 
Since we have performed measurements of nanomaterials in TM phantom, which mimics the 




contrast around 2% is considered as error. Hence anything above 2% will be considered as a 
contrast change. Contrast agents that we have identified in this study such as zinc ferrites, ZnO-
PEG showed an increase of higher that 5% in TM phantom, hence show a potential of using as a 
contrast agents for MWI. The error is minimised when different MWI systems are used. 
Feridex I.V.®(ferumoxides injectable solution) is a sterile aqueous colloid of superparamagnetic 
iron oxide associated with dextran for intravenous (I.V.) administration as a magnetic resonance 
imaging contrast media. Each millilitre of Feridex I.V. contains 11.2 milligrams of iron and 61.3 
milligrams of mannitol. The recommended dosage of Feridex IV (ferumoxides injectable solution) 
is 0.56 milligrams of iron (0.05 mL Feridex IV) per kilogram of body weight[4]. Feridex is prepared 
as a dilution in 100 ml of 5% dextrose. 
From previous literature we understand that on average 0.7% of injected dose of nanomaterials 
reach the tumour Based on these guidelines and estimates[5], if the contrast agents proposed in 
this study were to be used intravenously, we would expect a 0.5mg/mL tumour  as concentration 
of nanomaterials . This concentration can achieve significant dielectric contrast. However, using 
higher concentrations such as 2 mg/mL and 1 mg/mL tumour would be challenging to administer.  
Other suitable candidates for MWI purposes can be ferroelectric nanoparticles such as barium 
titanate, strontium titanate, calcium copper titanate which could be tested in different mediums 
for their potential use as contrast agents for MWI. These materials can have spontaneous 
polarization[6], hence they can be studied further for microwave applications.  
My thesis highlights important parameters such as the need of having a homogenous dispersion 
of the nanomaterial and the material also having a dipolar structure is crucial. These conditions 
should  be considered in developing potential  NPs as contrast agents for MWI have been 
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